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A  SIMPLE  PORTABLE  INSTRUMENT  FOR  THE  ABSO- 
LUTE MEASUREMENT  OF  REFLECTION  AND 
TRANSMISSION  FACTORS 

By  A.  R  Taylor 

Early  this  year  the  author  presented  at  the  convention  of  the 
Optical  Society  of  America  a  paper  giving  a  brief  review  of  the 
methods  which  had  previously  been  used  in  measuring  reflection 
factors,  and  describing  a  new  type  of  absolute  reflectometer. 
The  complete  description  of  that  instrument,  with  the  derivation 
of  the  theory,  is  now  available  in  a  scientific  paper  of  this  Bureau.' 

The  instrument  described  at  that  time  was  very  thoroughly 
tested  and  was  found  to  give  correct  results.  However,  certain 
precautions  are  necessary  in  its  use  and  the  mathemaljcal  equations 
are  somewhat  complex.  These  factors  might  tend  to  limit  its 
use  in  the  hands  of  inexperienced  observers,  though  not  necessarily 
so,  as  a  calibration  curve  can  be  calculated  and  drawn  for  use  in 
routine  measurements. 

One  of  the  extremely  interesting  and  important  developments 
in  that  work  was  the  high  reflection  factor  obtained  for  magnesium 
carbonate.  Measurements  by  four  absolute  methods  gave  an 
average  factor  of  99  per  cent  for  a  particular  block  of  magnesium 
carbonate,  whereas  the  previously  accepted  value  was  88  per  cent. 

It  has  lately  oceurred  to  the  author  that  a  very  simple  reflec- 
tometer, based  on  one  of  the  absolute  methods  employed  in 
verifying  the  factor  found  for  nu^nesium  carbonate,  could  be 
constriicted.  It  is  the  purpose  of  this  paper  to  describe  the  new 
instrument,  which  is  entirely  different  in  principle  from  the  one 
previously  described. 

THEORY  OF  RBFLBCTOHBTBR 

If  light  is  projected  onto  the  inner  wall  of  a  small  hollow  sphere, 
painted  with  a  diffusely  reflecting  white  paint,  it- can  be  shown 
that  the  illimiination  of  the  surface  by  reflected  light  only  will  be 
equal  in  intensity  at  all  points. 

■  B.  S.  SdmUfic  Paper  Nq.  jgi.    Alio  Jounul  of  Um  Op(.  Soc.  d  Amerka.  t,  Jwuamry,  tyn. 
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Let  a  small  hollow  sphere  be  arranged  as  shown  in  Fig.  i.  A 
small  segment  of  the  smiace  is  cut  away,  leaving  a  hole  over 
which  the  surface  to  be  tested  is  placed.  At  another  point  on 
the  sphere  about  90*^  from  this  one  there  is  a  small  hole  through 
which  the  opposite  wall  of  the  sphere  is  viewed  by  means  of  a 
portable  photometer.  The  spot  viewed  is  screened  from  the  test 
surface  by  means  of  a^mall  opaque  screen. 

Let  F""  total  light  flux  (lumens)  entering  the  sphere. 

w- reflection  factor  of  sphere  surface. 

m'  =  reflection  factor  of  test  surface. 

E'  =  illumination  of  observation  point  when  the  direct  light 
is  projected  onto  the  test  sm^ace. 

£  =  illumination  of  pbservation  point  when  direct  light  is 
projected  onto  the  sphere  surface  at  a  point  un- 
screened from  the  observation  point. 
When  the  light  is  projected  onto  the  test  surface,  it  must  be 
reflected  from  it  and  from  the  sphere  wall  once  each  before  any 
of  it  can  reach  the  observation  point,  since  this  spot  is  screened 
from  the  test  surface.  Hence  the  flux  which  is  effective  in  illu- 
minating the  spot  observed  is  m'mF.  In  other  words,  the  flux 
F,  incident  on  the  test  surface,  produces  the  same  illumination 
of  the  observation  spot  as  a  point  source  of  light  placed  at  the 
center  of  the  sphere  and  radiating  m'mF  lumens.  When  the 
incident  beam  is  projected  onto  the  sphere  surface  at  a  point 
unscreened  from  the  spot  observed,  it  is  readily  seen,  by  the  same 
method  of  reasoning,  that  its  effect  on  the  observation  spot  is  the 
same  as  that  of  a  point  source  radiating  mF  lumens.  Hence  in 
each  case  the  illumination  of  the  spot  is  directly  proportional  to 
these  flux  values,  and  the  ratio  of  the  illiunination  in  the  two 
cases  is  the  reflection  factor  of  the  test  surface.     Therefore 


It  is  to  be  noted  here  that  no  assumption  has  been  made  in 
regard  to  the  way  in  which  the  light  flux  is  reflected  from  the 
test  surface.  Hence  the  reflection  factor  of  the  test  surface  will 
be  correctly  evaluated  no  matter  how  the  flux  reflected  from  the 
test  surface  is  distributed  over  the  sphere  wall.  Also,  the  re- 
flection factor  measured  is  the  factor  for  light  of  the  color  delivered 
by  the  lamp  and  is  unaffected  by  selective  reflection  by  the  sphere 
walls. 
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Fig.  2. — Method  of  using  inslmment  to  measure  the  reflection  factor  of  a 
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DETAILS  OF  CONSTRUCTIOir 

The  details  of  the  instrument  constructed  are  shown  in  Fig.  i. 
The  hollow  sphere  tised  was  a  spun  copper  ball,  5  inches  in 
diameter,  such  as  is  used  with  steam  float  valves.  The  lighting 
tube,  which  is  set  at  an  angle  to  the  sphere  surface,  can  be 
rotated  about  an  axb  normal  to  the  surface  of  the  sphere. 
This  allows  the  direct  Ught  to  be  throvm  on  the  test  surface  or 
the  ^here  wall  as  may  be  desired,  the  angle  of  incidem^  being 


Aaii  ^>ftrmr>iir7- 


FlO.  I. — Skelck  of  inslrumeni  without  photometer 

about  40*  from  the  normal.  By  means  of  a  good  lens  system  a 
narrow  beam  of  light,  without  scattered  light,  is  obtained.  This 
results  in  a  fairly  uniform  sharply  defined  spot  of  light  about  2.0 
cm  in  diameter,  so  that  the  opening  over  which  the  test  surface 
is  placed  need  not  be  very  large.  A  2.8-volt  opal-back  flashlight 
lamp  is  used  in  the  tube. 

The  particular  instrument  used  in  these  tests  was  designed 
and  built  to  be  used  with  a  Macbeth  illuminometer.  A  lens  of  61 
mm  focal  length  inserted  in  the  elbow  tube  of  the  illuminometer 
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restricts  the  spot  observed  to  a  diameter  of  about  4  mm,  and 
hence  a  very  small  screen  can  be  used  to  screen  this  spot  from 
the  test  surface. 

EZPERIHBnTAL  WORK 

In  order  to  verify  the  results  obtained  with  the  reflectometer 
previously  described,  a  graded  series  of  test  objects  was  made  up. 
Neutral  gray  objects  were  obtained  by  mixii^  black  drawing  ink 
and  lampblack  with  a  white  cement  (Keene's  Fine).  They  were 
surfaced  with  coarse  sandpaper,  resulting  in  fairly  good  difFusers. 
These  surfaces  were  tested  for  reflection  factors  by  observation  of 
surface  brightness  at  intervals  of  10*,  using  the  apparatus  shown 
in  Fig.  3.    The  amount4)f  flux  reflected  was  calculated  from  these 


!_ 
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Pig.  3. — Apparalut  iitedin  determining  refieclion  factort  by  vieamranents  gf  surfaci 
bfighlntss  at  lo"  intervals 

observations,  and  since  the  incident  flux  was  known,  the  rario  of 
the  reflected  to  the  incident  flux  gave  the  reflection  factors.  These 
test  objects  were  restandardized  and  used  in  verifying  the  results 
given  by  the  new  reflectometer.  To  these  were  added  a  block  of 
magnesium  carbonate  previously  tested,  a  polished  sheet  of  milk 
glass,  and  a  white  cardboard  painted  with  the  same  paint  as  tliat 
used  in  an  88-inch  integrating  sphere.  The  reflection  factor  of 
this  paint  had  been  previously  determined  by  measuring  the  total 
illumination  of  the  sphere  wall  when  a  lamp  of  known  candlepower 
was  binned  in  the  sphere. 

The  tests  of  the  cement  surfaces  with  the  first  type  of  reflectom- 
eter (described  in  Scientific  Paper  No.  391),  when  used  in  the 
way  recommended,  showed  that  its  results  were  in  almost  perfect 
agreement  with  those  obtained  by  the  point-by-point  method. 
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The  results  of  the  measurements  with  the  new  type  reflectometer 
described  above  are  shown  in  Table  1. 

TABLE  1.— Reflectioa  Facbm  by  Two  HeOioda  of  MMSuremeiit 


oUSm 


MobMiacdbyiMU 
ns  bunKd  in  the  ip 


total  iUumination  in  Sft-uicli  sidi«i«  irbm  »  lainp  of  known  cuidl«- 
Its  by  lour  ■faarJute  mrthods,  hicludinf  the  pouit-bypoint  method. 

Such  differences  as  exist  in  the  above  table  may  very  easily  be 
experimental  errors.  For  all  practical  purposes  the  two  methods 
may  be  considered  to  be  in  perfect  agreement. 

In  using  the  instrument,  no  accurate  voltage  adjustment  of  the 
lamps  in  the  photometer  and  the  reflectometer  is  necessary,  as  both 
operate  from  the  same  battery.  If  only  approximate  factors 
are  desired,  the  voltages  can  be  adjusted  so  that  the  photometer 
reads  10  when  the  light  is  directed  onto  the  sphere  wall,  and  then 
the  reading  when  the  light  is  directed  onto  the  test  surface  is  one- 
tenth  of  the  percentage  reflection  factor.  This  eliminates  the 
ffecessity  for  any  computations. 
USE  or  INSTRUMENT  FOR  HBASUREHBNT  OF  TRANSHISSION  FACTORS 

By  the  addition  of  an  exterior  light  source,  giving  a  concen- 
trated beam  of  the  properin tensity,  the  same  instrument  may  be 
used  to  measure  transmission  factors  of  clear  or  diffusing  media. 
In  the  laboratory  such  a  light  source  is  easily  obtained  by  proper 
screening  of  a  lamp  with  reflector.  For  precision  work  the  method 
of  procedure  would  be  as  follows: 

1 .  Turn  the  reflectometer  Lighting  tube  to  project  its  beam  onto 
the  sphere  wall  at  a  point  unscreened  from  the  photometer  obser- 
vation point,  then  read  the  photometer. 

2.  Place  over  the  opening  in  the  sphere  the  substance  to  be 
tested  for  transmission,  and  again  read  the  photometer.  Then 
extinguish  the  lamp  in  the  lighting  tube. 

3.  Project  the  beam  from  the  exterior  Ughting  source  through 
the  lai^e  opening  in  the  sphere  and  make  a  photometer  reading. 
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4.  Leaving  the  exterior  Ughting  source  unchange<i,  place  over 
the  opening  the  substance  to  be  tested,  and  again  read  the  photo- 
meter. 

Let  the  photometer  reading  (in  brightness  or  illumination  units) 
in  the  foiu^  cases  be  respectively  a,  b,  c,  and  d.  Then  the  trans- 
ad 

In  using  the  instrument  in  this  way  the  exterior  light  source 
should  produce  a  beam  which  is  somewhat  smaller  in  diameter 
than  the  hole  where  it  enters  the  sphere  in  order  that  when  the 
substance  to  be  tested  is  in  place  the  light  diffused  by  the  sub- 
stance at  the  edges  of  the  beam  will  not  escape  around  the  edges 
of  the  hole. 

This  method  of  measuring  transmission  factors  is  similar  in 
principle  to  that  employed  by  Luckiesh  and  Mellor,*  but  the  appa- 
ratus and  test  procedure  are  di£Eerent.  Transmission  factors  for 
diffused  illumination  might  be  determined  by  illuminating  the 
test  substance  by  means  of  a  diffusing  hemisphere,  as  in  the 
method  used  by  Luckiesh  and  Mellor. 

COnCLDSION 

Only  one  adaptation  of  the  principle  of  this  instrument  has  been 
shown,  but  there  is  no  reason  why  it  could  not  be  adapted  for  use 
with  ahnost  any  good  type  of  portable  photometer. 

There  is  a  considerable  advantage  in  using  an  absolute  instru- 
ment of  this  type  rather  than  an  instnmient  giving  relative  values, 
since  no  standard  surface  is  required,  and  it  is  not  necessary  for 
lamps  or  sphere  surface  to  remain  constant  from  day  to  day. 

The  use  of  a  low-voltage  flashlight  lamp  in  the  Ughting  tube 
makes  the  instrument  easily  portable  and  convenient.  A  fiu^her 
improvement  as  regards  portability  would  be  to  eliminate  the 
battery-meter  set  and  substitute  therefor  a  large  three-cell  flash- 
light battery  and  miniature  resistances. 

The  use  of  the  instrument  for  measuring  both  reflection  and 
transmission  factors  doubles  its  usefulness.  No  other  instrument 
having  this  dual  value  has  been  proposed. 

This  instrument  gives  further  proof  of  the  very  high  reflection 
factor  of  magnesium  carbonate,  and  establishes  the  value  of  99 
per  cent  for  a  particular  block  beyond  much  doubt. 

Washington,  October  22,  1920. 
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I.  mXRODUCTION 

This  seems  to  be  an  appropriate  time  for  a  retrospect  of  past 
accomplishments  and  for  a  starting  point  once  more  in  the 
determination  of  the  constants  of  thermal  radiation,  which  inves- 
tigations everywhere  have  suffered  much  from  interruption 
dining  the  past  sbc  years. 

The  various  determinations  of  the  numerical  values  of  the 
constants  of  radiation  have  been  hampered  by  the  lack  of  exact 
knowledge  of  numerous  contributory  constants  which  enter  into 
their  evaluation. 

Among  these  factors  are  the  temperature  scale,  the  absorptive 
coefficients  and  refractive  indices  of  the  prisms  used,  the  correction 
for  atmospheric  absorption,  and  the  COTrection  for  reflection  from 
the  radiometer  receivers. 

Whenthe  writer  began  studying  this  subject,  about  14  years  ago, 
it  appeared  desirable. to  determine  more  exactly  the  numerical 
values  of  the  contributory  constants,  first  of  all,  and  then  take  up 
the  determination  of  the  constants  of  thermal  radiation.  At  this 
day  it  is  quite  evident  that  such  a  procedure  would  have  been  the 
most  efficient  in  obtaining  the  desired  results.  While  such  a  pro- 
gram could  not  be  fully  carried  out,  some  progress  was  made  by 
determining  the  diffuse  reflection  of  various  substances,' — for  ex- 
ample, plantinum  black — the  absorption  constants  of  quartz,'  and 
the  correction  for  atmospheric  absorption.''*  Somewhat  similar 
experiments  have  been  made  by  Warburg  =  on  the  absorptivity  of 
quartz  and  by  Gerlach  '  on  atmospheric  absorption. 

Instead  of  a  imified  program  of  research,  we  find  that,  while  one 
set  of  experimenters  weis  engaged  in  establishing  the  temperature 
scale,  another  experimenter  was  determining  the  optical  constants 
of  the  prism  material;  and  a  third  group,  using  both  the  tempera- 
ture scale  and  the  optical  constants,  was  attempting  to  determine 
the  radiation  constants.  In  turn,  the  first  set  of  experimenters  had 
to  apply  the  results  of  those  workii^  on  the  radiation  constants 
in  order  to  verify  and  extrapolate  the  temperatiu-e  scale  beyond 
that  attainable  with  the  gas  thermometer.  In  the  meantime,  the 
second  experimenter  improved  his  measurements  of  the  optical 
constants  (refractive  indices)  of  the  prism  material  (fluorite  and 
quartz) ,  while  a  fointh  entered  the  field  and  added  refinements  by 
determining  the  temperature  coefficients  of  these  refractive  indices. 
This  in  tiun  necessitated  the  recalculation  of  the  prism  calibration 
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and  the  niunerical  values  of  the  spectral  radiation  constants. 
Added  to  these  difficulties  is  the  constant  change  in  personnel,  as 
is  apparent  from  perusal  of  the  title-pages  of  the  published  papers. 
The  forgoing  is  an  impersonal  statement  of  the  difficulties  tmder 
which  experimenters  have  been  laboring.  Fortunately,  the  spec- 
tral radiation  observations  are  in  terms  of  the  scale  of  the  spec- 
trometer circle,  and  if  the  necessi^  arises,  as  described  on  a 
subsequent  page,  one  can  revise  the  corre^xmding  wave  lengths 
and  recalculate  the  constants. 

As  a  result  of  these  various  difficulties  there  is  scarcely  a  deter- 
mination of  the  constant  a  of  total  radiation,  and  of  the  constant 
C  of  spectral  radiation,  which  does  not  require  corrections,  some 
of  which  are  obvious  and  could  have  been  made  by  the  experi- 
menter. 

It  seems  appropriate  to  point  out  specifically  some  of  the  diffi- 
culties experienced  by  the  two  national  laboratories. 

1.  THE  REIQHSAHSTALT  IHVESTIOATIOITS 

The  determinations  of  the  radiation  constants,  made  at  the 
German  Reichsanstalt  during  the  past  two  decades,  involved 
measurements  extendii^  to  about  1600"  C,  or  even  higher,  and 
hence  they  have  suffered  from  both  the  lack  of  knowledge  of  the 
temperature  scale  and  of  the  refractive  indices  of  the  prisms  used. 
In  the  later  work  the  determination  of  the  temperature  scale  was 
rightfully  combined  with  the  measurements  of  the  radiation  con- 
stants, instead  of  having  the  former  measurements  made  in  a  sepa- 
rate laboratory. 

The  published  papers  do  not  state  whether  an  attempt  was  made 
to  harmonize  the  various  determinations  of  the  refractive  indices 
of  fluorite.  The  most  recent  work  was  done  with  quartz  prisms, 
and  the  detemunation  of  the  refractive  indices  of  quartz  was 
undertaken,'  but  as  yet  no  data  have  been  published. 

2.  THE  BtntBAU  or  STAHDARDS  HTVESTIOATIOHS 

The  determinations  of  the  radiation  constants,  especially  the 
more  recent  ones,  made  at  the  Biueau  of  Standards,  have  suffered 
but  little  from  a  lack  of  knowledge  of  the  temperature  scale, 
owing  to  the  fact  that  the  radiators  were  not  operated  at  a  tem- 
perature much  above  1200''  C,  and  usually  near  the  melting  point 
of  copper — 1083"  C.  The  chief  difficulty  has  been  the  lack  of 
exact  knowledge  of  the  refractive  indices  of  fluorite;  or,  as  it 
appears  from  the  present  inqtiiry  into  the  matter,  the  lack  of 
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exact  knowledge  of  the  refractive  index  of  the  yellow  sodium  line, 
and  especially  the  yellow  helium  line  which  was  used  as  a  reference 
point  in  calculating  the  in^-red  calibration  of  the  prism. 

The  size  of  the  apparatus  used  in  determining  indices  of  refrac- 
tion is  an  important  element  in  the  accuracy  attained.  I/augley  * 
used  a  spectrometer  having  an  image-forming  minor  of  over  4.5 
meters  focal  length,  in  an  inclosure  which  could  be  kept  at  a  con- 
stant temperature.  Paschen's  •>"•">"  apparatus  had  an  im^;e- 
forming  mirror  of  only  i/io  to  1/12  that  of  Langley's,  and  hence 
could  not  compete  with  it  in  accuracy.  Hence,  from  the  begin- 
ning, more  weight  should  have  been  given  to  Langley's  measure- 
ments. On  applying  Micheli's  '*  temperature  coefficients  of  re- 
h'action,  Paschen's  various  determinations  are  found  in  good 
agreement  with  those  published  by  Langley '  whose  reference 
point  is  the  solar  absorption  line  (the  "A  Une")  X—o. 7604/1;  re- 
fractive index  71  =  1.431020  for  fluorite  at  20°  C.  From  this 
point  into  the  infra-red,  the  various  determinations  of  the  infra- 
red refractive  indices  of  fluorite  are  in  excellent  agreement. 

However,  the  fiducial  line  in  this  Bureau's  spectroradiometry 
is  the  yellow  helium  line.  From  the  present  study  of  the  data  it 
appears  that  prior  to  1913  the  refractive  indices  of  fluorite,  for 
the  visible  spectrum,  and  in  particular  that  of  the  yellow  helium 
line  X  =0.58758/1,  were  not  known  with  sufficient  accuracy  to  meet 
the  present-day  demands  for  refinements  in  the  radiation  con- 
stants. As  a  result,  erroneous  wave  lengths  were  assigned  to  the 
infra-red  (minimum  deviation)  settings  of  the  spectrometer  chxle. 
This  error  is  only  3"  (true  value,  6")  in  the  Wadsworth 
system  of  spectrometer  settings,  and  hence  scarcely  observable 
experimentally.  However,  it  enters  as  a  constant  error  of  0.3  to 
0.4  per  cent  in  the  calculations  of  the  calibration  curve.  Errors 
of  such  small  magnitude  were  considered  insignificant  eight  years 
ago,  when  there  was  a  disagreement  of  i  to  2  per  cent,  or  gven 
more,  in  the  various  determinations  of  the  constant  of  spectral 
radiation. 

As  will  be  shown  on  a  subsequent  page,  using  Paschen's " 
recent  measurements  of  the  refractive  index  of  fluorite  for  the  yel- 
low heliiun  line  (which  measurements  were  made  with  a  new  and 
very  accurately  graduated  spectrometer),  all  the  apparent  errors 
seem  to  be  eliminated  from  this  Bureau's  determination  of  the 
constant  of  spectral  radiation,  which  is  now  in  good  agreement 
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with  the  value  that  is  to  be  expected  from  the  Bureau's  determina- 
tiou  of  the  constant  of  total  radiation  "  and  from  theoretical 
considerations/ 

3.  OBJECT  OF  THE  PRESEITT  PAPER 

In  previous  papers  "  <  *  corTections  were  applied  to  the  determina- 
tions of  the  radiation  constants  made  by  various  experimenters. 
The  object  of  the  present  paper  is  to  make  an  up-to-date  exami- 
nation into  the  various  instruments  and  methods  employed  in 
these  various  determinations  and  to  give  an  estiinate  of  the  accu- 
racy of  the  results  therewith  obtained. 

At  first  glance,  the  various  determinations  of  these  constants 
appear  to  cover  a  wide  range  of  numerical  values.  This  is  es- 
pecially true  of  the  values  of  the  coefficient  of  total  radiation,  in 
which  all  sorts  of  ill-considered  methods  have  been  used.  More- 
over, no  corrections  were  made  for  atmospheric  absorption  of  the 
thermal  radiation  in  its  passage  from  the  radiator  to  the  receiver. 
As  will  be  shown  presently,  most  of  these  older  determinations 
are  in  remarkably  close  agreement  with  the  newer  ones  after 
making  obvious  corrections  for  atmospheric  absorption  and  for 
reflection  of  the  incident  radiation  from  the  receiver. 

This  paper  does  not  include  a  disciission  of  the  attempts  which 
have  been  made  to  determine  the  constant,  C,  by  means  of  an 
opticid  pyrometer,  which  at  least  in  its  ordinary  form  can  not  be 
considered  an  instrument  of  high  precision.  There  are  many 
difficulties  to  be  overcome  before  one  can  conclude  that  the  data 
so  obtained  are  trustworthy.  One  of  the  uncertainties  is  the 
effective  wave  length  of  the  red  glass  used  in  the  eyepiece  of  the 
pyrometer.  Other  difQculties  are  encountered  when  using  a  spec- 
tral pyrometer.  Also  the  temperature  scale  is  in  doubt.  Hence 
recent  experimenters  have  not  attempted  to  determine  C,  but 
have  reversed  the  process  and,  working  on  the  assiunption  that 
■  C  is  a  certain  value,  say,  C- 14350,  have  determined  the  melting 
point  of  palladium.     This  seems  to  be  the  preferable  procedure. 

n.  DISCUSSION  OF  BLACK-BODY  RADIATION,  RADIATORS^ 
AND  SHUTTERS 

In  order  to  arrive  at  an  intelligent  imderstanding  of  what  has 
been  accomplished  in  the  determination  of  the  constants  of 
radiation,  and  in  order  to  indicate  the  way  to  future  progress  in 
this  subject,  it  is  important  to  consider  very  briefly  some  of  the 
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conceptions,  as  well  as  some  of  the  most  recent  instruments  and 
methods  used  in  the  production  and  measurement  of  the  radi- 
ation from  a  uniformly  heated  inclosure,  or  so-called  black  body. 

Every  substance  has  a  characteristic  emission  spectrum.  On 
the  other  hand,  the  emission  spectrum  of  a  uniformly  heated 
cavity  is  independent  of  the  composition  of  the  material  forming 
the  walls  of  the  inclosure.     It  is  a  function  only  of  the  temperature. 

The  emission  of  thermal  radiation  from  and  the  absorption  of 
thermal  radiant  energy  of  all  wave  lengths  entering  into  the  cavity 
is  complete.  In  a  material  substance  this  can  occur  only  on  tlK 
short-wave  length  side  of  the  region  of  anomalous  dispersion 
where  the  absorptivity  is  high,  but  where  the  reflecting  power  is 
practically  nil;  for  example,  in  quartz'*  selenite  and  aluminum 
oxide,  in  the  region  of  7^  to  lO^  ift=o.ooi  mm). 

Modem  conceptions  of  black-body  radiation  are  the  result  of 
slow  development  from  such  simple  experiments  as  those  of 
Draper"  who  found  that  the  interior  of  a  rifle  barrel  became 
luminous  at  a  certain  temperature;  of  Christiansen*^  who  ob- 
served that  the  scratches  and  conical-shaped  holes  in  an  incan- 
descent metal  surface  were  brighter  than  the  smooth  surface 
and  of  St.  John*'  who  found  that  the  selective  emission,  com- 
monly observed  in  the  rare  oxides,  disappeared  when  these  sub- 
stances were  heated  in  a  miiformly  heated  porcelain  tube. 


The  modem  uniformly  heated  cavity  or  so-called  black  body  is 
the  result  of  such  observations  and  facts  as  just  enumerated. 
It  is  the  invention  of  Wien  and  Lummer  **  and,  for  attainii^  fairly 
high  temperatures,  such  asare  used  in  many  of  the  investigations 
mentioned  in  a  subsequent  part  of  this  paper,  consists  of  a  dia- 
phragmed  porcelain  tube  wound  with  platinum  ribbon,  which  is 
electrically  heated. 

In  the  modification  used  by  the  writer*'  the  radiator  consisted  - 
of  two  ccmcentric  tubes  suitably  wound  with  platinum  ribbon  in 
order  to  obtain  a  uniform  temperature  throughout  a  great  length 
of  the  interior  of  the  radiator,  as  shown  by  Waidner  and  Burgess.*" 
The  use  of  ptatinimi  ribbon  instead  of  thick  platinum  wire  elimi- 
nates local  nonuniformity  of  temperature  in  the  porcelain  tube. 

In  radiators  of  this  type  the  porcelain  tubes  sag  on  heating  to 
1200"  C.  To  overcome  this  difBculty,  in  the  determination  of 
the  radiation  constants^  to  be  described  presently,  the  writer  •• 
placed  a  wedge-shaped  fragment  of  porcelain,  with  a  sharp  edg&. 
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about  2  nun  long,  about  35  to  30  mm  to  the  rear  of  the  radiating 
diaphragm.  This  support  causes  no  local  cooling,  and  it  preserves 
the  life  of  the  radiator.  Further  improvements  were  made  in  the 
completeness  of  the  emission  of  the  radiation  by  painting  the 
inside  walls  and  the  front  side  of  the  radiating  diaphragm  with  a 
mixtiu%  of  chromium  oxide  and  cobalt  oxide.  Since  these  oxides 
become  electrically  conducting  at  i3oo°,  the  front  thermocouple 
was  completely  inclosed  in  a  porcelain  insulating  tube.  The  short 
piece  of  pcm:elain  which  lies  across  the  radiating  wall  of  the  black  * 
body  was  covered  with  cobalt  oxide.  Since  the  cobalt  oxide  did 
not  adhere  well  to  the  porcelain  tube,  the  latter  was  first  covered 
with  a  tbin  layer  of  iron  oxide,  obtained  by  wetting  the  porcelain 
tube  with  writing  ink  which  was  binned  into  the  tube.  The  cobalt 
oxide  paint  was  then  applied  and  also  burned  upon  the  tul>e  by 
means  of  a  blast  lamp.  After  replacing  the  thermocouple,  inclosed 
in  this  short  tube,  in  the  radiator,  the  whole  intericn-  was  again 
painted  with  a  mixture  of  cobalt  and  chromium  oxides. 

The  cobalt  oxide  has  a  high  temperature  coefficient  of  absorp- 
tion so  that  it  appears  black  on  s%ht  heating.  Its  emission 
spectrum "  is  continuous,  so  that  there  is  less  diflficully  in  pro- 
ducing a  perfect  radiator  than  when  the  radiating  indosure  is  of 
white  pcn'celain.  However,  porcelains  which  have  a  low  melting 
point  are  less  selective  in-  their  emission  than  the  "  Marquardt 
porcelain,"  from  which  are  made  the  black  bodies  ordinarily  used. 

2.  WATBR-COOLBO  SHOTTBRS  AHD  DUPHRAOHS 

In  discussing  the  relative  merits  of  the  various  determinations 
of  the  radiation  constants,  and  in  particular  the  coefficient  of  total 
radiation,  the  writer  will  have  occasion  to  refer  frequently  to  the 
use,  or  misuse,  of  shields  for  preventing  the  receiver  from  being 
heated  by  the  radiator,  and  of  shutters  for  exposing  the  receiver 
to  radiation.  It  is,  therefore,  important  to  ocmsider  briefly  the 
functions  of  this  apparatus. 

The  determination  of  the  coe£5cient  of  total  radiation  usually 
omsists  in  noting  the  heat  interchange  when  the  receiver  is  ex- 
posed to  two  radiators  which  are  at  widely  difierent  temperatures, 
say  o  and  100°  C;  that  is,  ice  and  boihng  water.  The  radiator 
at  the  lower  temperature  may  be,  and  usually  is,  used  as  a  shutter. 
If  the  temperature  of  the  shutter  is  lower  than  that  of  the  receiver, 
the  latter  radiates  to  the  shutter.  Hence,  it  is  important  to  have 
the  receiver  face  a  large  (say,  water-cooled)  diaphragm,  main- 
tained at  a  constant  temperature,  back  of  which  is  placed  the 
16787°— 2X — 2 
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shutter  and  the  radiator.  In  this  maimer  the  surrounding  con- 
ditions, facing  the  receiver,  are  not  changed  when  the  shutter  is 
moved  in  order  to  fxpose  the  receiver  to  radiation. 

There  is  no  doubt  liiat  some  of  the  unusual  results  obtained  in 
the  determination  of  the  radiation  constants  are  attributable  to  the 
operation  of  the  shutter  under  such  conditions  that  the  receiver 
did  not  face  uniform  conditions  when  the  shutter  was  opened  in 
making  the  measurements. 

Experience  shows  that  the  arraagement  of  the  shutter  should  be 
similar  to  that  used  *  (loc.  cit.,  p.  516,  Fig.  5)  in  the  determination 
of  the  coefficient  of  total  radiation.  In  this  arrangement  the 
water-cooled  shield  employed  consisted  of  a  tank  35  cm  in  diam- 
eter and  1.5  cm  in  thiclniess,  which  faced  the  radiator,  and  a 
second  tank,  20  cm  in  diameter  and  3  cm  in  thickness,  which 
faced  the  radiometer.  The  water-cooled  shutter,  consisting  of  a 
thin  metal  box  3.5  by  3.5  by  0.8  cm,  was  operated  in  vertical  ways 
between  these  two  shields.  A  mercurial  thermometer  was  used 
to  measure  the  temperature  of  the  water  flowing  through  this 
shutter.  The  side  of  the  shutter  facing  the  radiometer  was  smoked 
in  a  sperm  candle,  and,  in  connection  with  the  conical-shaped 
opening  (painted  black  and  smoked)  in  the  water-cooled  dia- 
phragm which  faced  the  radiator,  it  formed  a  miniature  black 
body  the  temperature  of  which  remained  constant  throughout  a 
series  of  measurements. 

3.  STATBHERT  OF  THE  LAWS  OF  RADIATION 

The  law  of  total  radiation,  generally  called  the  Stefan- Boltzmann 
law,"  states  that  the  total  emission  of  thermal  radiation,  R,  of  all 
wave  lengths  passing  from  a  tmiformly  heated  inclosure,  at  tem- 
perature T,  to  another  body  at  a  temperature  T,  is  proportional 
to  the  difference  of  their  absolute  temperatures,  to  the  fourth 
power,  or 

In  this  formula  v  is  the  coefficient  or  constant  of  total  radiation 
mider  discussion.  Hie  numerical  value  of  this  coefficient  is  of 
the  order  <r  —  5.7  X  lo"*  erg  per  cm'  per  sec.  per  deg.*  In  this  paper 
only  the  first  three  stgmficant  figures  will  be  mentioned;  for  in- 
stance, «-  =  5.32. 

The  law  of  spectral  radiation,  which  specifies  the  distribution 
of  thermal  emission  intensities  in  the  spectrum  of  the  radiation 
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emitted  by  a  unifornily  heated  inclosure,  or  so-called  black  body, 
is  best  represented  by  Planck's'"  fonnula 

In  this  formula  the  constant  C  determines  to  a  great  extent  the 
shape  of  the  isothermal  spectral-energy  curve.  Suffice  it  to  say 
that  these  laws  are  based  on  well-grounded  theoretical  founda- 
tions, and  after  almost  two  decades  of  discussion  they  remain 
unchanged. 

m.  DISCUSSION  OF  VARIOUS  DETERMINATIONS  OF  THE 
COEFFICIENT  OF  TOTAL  RADIATION 

It  has  been  shown  by  Stefan,'*  Schneebeli,"  Wilson,"  Lununer 
and  Pringsheim,"  Valentiner,"  and  others''"  that  the  total  radia- 
tion emitted  from  a  uniformly  heated  cavity  is  proportional  to 
the  fourth  power  of  the  absolute  temperature.  The  measure- 
ments extend  over  a  temperature  range  of  perliaps  1 500°  C.  They 
verify  the  fourth  power  law  within  the  accuracy  of  the  tempera- 
ture scale  and  the  general  errors  of  observation,  which  are  anall 
owing  to  the  fact  that  the  measurements  are  relative. 

The  evaluation  of  the  coefficient  of  thermal  radiation  in  absolute 
measure  is  an  extremely  difficult  task  which  has  been  attempted 
by  numerous  experimenters,  whose  data  will  now  be  considered. 

The  early  determinations  of  the  coefficient  of  emission  of  a  sub- 
stance (for  example,  blackened  plates  or  balls  of  glass  or  copper) 
by  Lehnebach,**  Christiansen,**  and  others  are  of  great  historical 
interest,  but  they  can  not  be  considered  in  connection  with  present- 
day  determinations  of  the  coefficient  or  constant,  a,  of  total  radia- 
tion of  a  uniformly  heated  inclosure. 

1.  BOLOMSTRIC  METHODS  OF  EI£CTRIC  COlCPBHSATIOn 

(a)  Observations  of  Kurlbaum.'* — ^The  first  determination  of  the 
constant  of  total  radiation  in  absolute  value,  by  a  method  which 
is  free  from  the  gross  experimental  errors  that  are  inherent  in  the 
work,  was  made  by  Kurlbaum. 

The  principle  of  the  method  is  as  follows:  Three  branches  of  a 
Wheatstone  bridge  (botometer)  consist  of  thick  manganin  wires 
which  are  not  affected  by  a  change  in  ciurent  through  the  bridge. 
The  fourth  branch  consists  of  thin  bolometer  platinum,  the  resist- 
ance of  which  is  affected  by  a  change  in  current  in  the  bridge. 
Starting  with  the  bridge  balanced,  the  bolometer  branch  of  thin 
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platinum,  at  a  distance  of  i8  to  20  cm,  is  exposed  to  the  radiation 
from  a  black  body  at  100°  C,  and  the  change  in  resistance  (or 
galvanometer  deflection)  is  noted.  With  the  bolometer  branch 
shielded  from  radiation,  the  bridge  current  is  varied  until  the 
change  in  resistance  in  the  bolometer  branch  is  equal  to  that 
attained  when  exposed  to  radiation.  In  other  words,  tiie  bridge 
current  is  increased  by  a  sufficient  amount  to  produce  the  same 
galvanometer  deflection  as  was  caused  by  radiation  falling  on  the 
bolometer  strip.  From  a  knowledge  of  the  change  in  the  bridge 
current,  the  bolometer  resistance,  etc.,  Kurlbaum  was  able  to 
compute  Uie  energy  input.  He  used  two  very  different  surface 
bolometers  and  found  very  concordant  values.  He  found  a  value 
of  ^"S.sa.  In  a  subsequent  communication*'  he  made  a  correc- 
tiou  of  2.5  per  cent  for  loss  by  reflection  from  the  platinum  black 
surfaces  of  the  bolometer.  This  gives  a  value  of  ^=5.45.  The 
writer  ■  has  determined  the  reflecting  power  of  platinum  black  and 
has  found  that,  using  the  blackest  obtainable  deposits,  the  reflect- 
ing power  is  almost  2  per  cent  for  wave  lengths  at  8  to  9/1.  An 
examination  of  six  surface  bolometers  (12  branches  or  24  sinfaces 
of  about  3  by  4  cm  area),  purchased  abroad,  shovred  that  all  of 
them  had  microscopically  small  bright  patches  of  bare  platinum, 
and  that  none  of  them  were  as  black  as  the  samples  upon  which  the 
reflectivity  measurements  were  made.^  These  bright  areas  would 
increase  the  loss  by  reflection.  From  this  it  appears  that  Kurl- 
baum's  correction  to  his  work  is  none  too  large. 

(b)  Observations  of  Valentiner." — This  method  of  measuring  the 
coefficient  of  total  radiation  by  means  of  a  large  surface  bolometer 
was  continued  by  Valentiner,  who  found  quite  different  values, 
depending  upon  the  blackness  (kind)  of  radiators  employed,  which 
were  heated  as  high  as  1450^  C.  For  the  two  blackest  radiators 
(the  steam-heated  radiatior  "  W.  S.  K."  and  the  electrically  heated 
unblackened  porcelain  tube  radiator  "G.  S.  K.")  he  foimd  a  value 
of  <r=5-36. 

In  a  subsequent  paper,**  he  made  a  correction  of  about  4  per  cent 
for  various  causes  (for  example,  i  per  cent  for  lack  of  blackness 
of  the  radiator,  2.5  per  cent  for  reflection  from  the  bolometer,  etc.) 
giving  a  value  of  ir=-5.58.  No  correction  was  made  for  atmos- 
pheric absorption. 

The  numerical  values  of  the  various  determinations  made  by 
Valentiner,  upon  any  one  radiator,  have  a  range  of  about  3  per  cent, 
which  was  usually  higher  than  allowable  in  order  to  ascertain  the 
effect  of  atmospheric  absorption  in  a  space  of  30  to  50  cm.     How- 
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ever,  when  usii^  a  larger  porcelain  tube  radiator,"  "G.S.  K.,"  the 
distances  were  rather  loiter  than  usual,  being,  respectively,  89  to 
125  cm,  and  the  effect  of  absorption  seems  unmistakable.  The 
value  of  the  radiation  constant  is  about  3  per  cent  smaller  for  the 
greater  distance,  i.  e.,  an  increase  of  35  cm  in  optical  path  intn>- 
duced  an  absorption  of  about  2  per  cent.  It  is  difficult  to  say  how 
great  a  correction  should  be  applied  to  Valentiner's  values  in  order 
to  eliminate  atmospheric  absorption.  The  observations  were 
made  in  the  winter,  when  the  humidity  was,  no  doubt,  much  lower 
than  for  the  test  made  by  the  writer,**  in  which  an  absorption  of 
over  5  pet  cent  was  found  in  an  air  path  of  124  cm,  the  tempera- 
tures of  the  radiator  being  of  the  same  order  as  used  by  Valentiner. 
A  conservative  estimate  of  the  correction  to  Vafentiner's  data,  for 
absorption  by  atmospheric  water  vapor  and  carbon  dioxide  is  2  to 
3  per  cent.  This  increases  Vakntiner's  value  t»  ff  — 5.68  with  a 
possibility  of  the  vahte  being  as  high  as  <r~  5.75,  which  is  in  re- 
markably close  agreement  with  the  various  determinations  made 
by  other  methods.  That  a  correction  of  not  less  than  i  per  cent 
is  to  be  applied  to  these  data  is  indicated  in  Gerlach's  "  recent 
work  on  atmospheric  absorption  of  black  body  radiation. 

The  surface  bolometers  used  by  Kurlbaum  and  by  Valentiner 
consisted  of  two  grids  of  thin  platinum  foil,  placed  one  back  of 
the  other,  with  tiie  surfaces  overlapping.  In  this  manner  a  con- 
tinuous surface  is  formed,  but  part  of  the  rear  bolometer  strips 
are  shielded  from  the  radiation  incident  on  the  front  strips.  The 
operation  of  the  receiver  is,  therefore,  imsymmetrical.  Gerlach* 
has  discussed  the  effect  of  this  overlapping  and  has  shown  that  in 
some  cases  it  might  lower  the  value  of  the  observed  radiation 
constant  by  a  very  considerable  amount.  The  writer  **  has  found 
that,  usin^  one  bolometer  strip  back  of  the  other,  50  per  cent  of 
the  energy,  incident  upon  the  first  receiver,  is  reradiated  to  the 
rear  one.  In  the  reverse  process  of  heating  the  strip  electrically, 
this  effect  would  enter  symmetrically  and  a  low  value  of  a  would 
result. 

It  was  found  by  Kurtbaum  and  by  Valentiner  that  the  rate  of 
temperature  rise  was  different  for  heating  the  bolometer  by  ab- 
sorption of  radiation  and  by  electrical  heating.  The  low  values 
of  the  radiation  constant  obtained  by  Valentiner  are  explained,** 
in  part,  as  the  result  of  reading  the  galvanometer  deflection  beftxre 
temperature  equilibrium  was  fully  attained.  Callendar  "  has  de- 
scribed surface  bolometers  which  would  overcome  some  of  the 
defects  of  conduction,  etc.     However,  using  radiators  at  600  to 
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1000°  C.  there  is  no  need  of  using  siich  large  receivers  with  the 
unavoidable  defects  just  noted. 

(c)  Observations  of  Gerlach."'  *'•  ">• — ^The  following  method  is 
not  exactly  bolometric  in  principle,  but  it  may  be  considered 
here,  since  its  virtues  have  been  under  discussion  in  connection 
with  the  results  obtained  by  the  bolometric  methods  just  men- 
tioned. Gerlach  determined  the  constant  of  total  radiation,  a, 
by  a  modification  of  Angstrom's  electric  compensation  pyrheli- 
ometer.  In  the  original  pyrheliometer  of  Angstrom,"  there  are 
two  thin,  narrow  sheets  of  manganiu  to  each  of  which  is  attached 
one  junction  of  a  thermoelement  which  is  joined  through  a  galva- 
nometer. One  of  these  manganin  strips  is  exposed  to  solar  radia- 
tion. Through  the  other  manganin  strip  is  passed  an  electric 
current  of  such  strength  that  it  is  heated  to  the  same  temperature 
as  is  the  strip  which  is  exposed  to  solar  radiation.  The  equaUty 
of  temperature  is  indicated  when  there  is  no  current  flowing 
through  the  galvanometer. 

In  the  instrument  as  used  by  Gerlach  there  is  but  one  strip  of 
manganin  which  is  0.01  mm  in  thickness,  and  2  to  4  mm  wide 
(length  2.7  to  3  cm).  At  the  back  of  this  manganin  strip  and 
close  to  it  was  a  thermopile  of  45  elements  (joined  through  a 
galvanometer)  which  is  heated  by  radiation  from  the  manganin 
strip,  thus  differing  from  Angstrom's  device  in  which  a  single 
thermojtmction  was  heated  by  conduction  from  the  manganin 
strip.  The  idea  of  tising  many  junctions  was  to  integrate  over 
the  whole  strip,  thus  eliminating  any  irregular  heating  catised  by 
inequalities  in  the  thickness  of  the  manganin  strip,  which  was 
blackened  electrolytically  with  platinum  black.  This  manganin 
strip  was  heated  electrically  to  the  same  temperature  as  that 
attained  by  the  strip  when  exposed  to  the  radiation  from  a  black 
body.  From  a  knowledge  of  the  resistance  of  the  strip  and  the 
electric  current  it  was  possible  to  determine  the  enei^  input,  and 
hence  the  value  of  the  radiation  constant. 

Gerlach  experienced  some  difficulty  in  determining  when  he  had 
exact  compensation  when  heating  the  receiver  electrically  and  radio- 
metrically.  Covering  the  sides  of  the  receiver  with  knife-edged  sHts 
had  no  effect  upon  the  radiation  constant ;  but  shielding  the  ends  of 
the  manganin  strip  from  radiation  caused  the  value  of  ff  to  increase 
from  (7-=  5.83  for  the  unshielded  ends  to  a  constant  value  of 
ff  =  6,i4  when  the  shields  covered  1.5  mm,  or  more,  of  the  ends  of 
the  strips.    This  is  owing,  perhaps,  to  heat  conduction  from  the 
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ends  and  to  the  fact  that  in  heating  the  strip  electrically  no  cor- 
rection vras  made  for  the  excess  electrical  energy  used  in  the  ends 
of  the  receiver,  which  were  not  exposed  to  radiation.  In  practice 
he  exposed  the  whole  length  of  the  receiver  to  radiation,  claiming 
that  the  heat  conducted  from  the  ends  is  the  same  when  the  metal 
strip  is  heated  radiometricaUy  and  electrically." 

The  weak  point  in  the  device  appears  to  be  the  uncertainty  of 
(i)  the  effective  length  of  the  receiver,  which  is  exposed  to  radia- 
'  tion,  and  (2)  the  length  which  is  contained  between  the  potential 
terminals  and  which  is  used  in  the  evaluation  of  the  energy  in 
absolute  measure.  In  the  instrument  used  by  the  writer,  *•  '* 
this  uncertainty  was  eliminated  by  placing  the  potential  terminals 
upon  the  receiver,  and  at  some  distance  from  the  heavy  elec- 
trodes; thus  providing  uniform  heating  over  a  greater  lei^th  of 
the  receiver  than  is  actually  used  in  evaluating  the  constant. 
This  seems  to  be  the  logical  way  to  use  such  a  receiver. 

The  mean  value  obtained  by  Gerlach  is  a -5.803.  He  made 
no  correction  for  losses  by  reflection  {2  per  cent).  This  was  done 
by  Paschen,"  who  gives  the  value  a  =  5.9. 

Gerlach's  value  is  based  upon  the  determinations  made  with 
four  receivers,  the  individual  values  of  which  depend  somewhat 
upon  the  receiver,  as  was  observed  by  the  writer."  No  attempt 
was  made  to  remove  the  atmospheric  water  vapor  from  the  space 
between  the  radiator  and  the  receiver.  There  is  a  systematic 
decrease  of  i  to  2  per  cent  in  the  radiation  constant  for  an  increase 
of  32  to  42  cm  in  the  distance  of  the  receiver  from  the  radiator. 

The  work  of  Gerlach  aroused  considerable  discussion  among 
experimental  previously  engaged  on  this  same  problem.  This 
broi^ht  forth  a  very  considerable  amount  of  laborious  experimental 
woiic  by  Gerlach  *•  in  defense  of  his  method,  in  which  he  showed 
that  his  apparatus  gave  the  same  values  as  when  operated  by  the 
bolometric  method  employed  by  Kurlbaum." 

In  subsequent  investigations,  Gerlach  determined  the  effect  of 
atmospheric  absorption"  and  of  blackening  the  receiver"  upon 
the  radiation  constant.  He  operated  the  radiator  at  higher  tem- 
peratures (to  450°  C) ,  but  the  radiometric  apparatus  remained  the 
same  as  in  the  earlier  work.  With  this  outfit  his"  new  value  of 
the  coefficient  of  radiation,  uncorrected  for  reflection  of  radiation 
from  the  receiver  and  for  atmospheric  absorption,  is  decidedly 
lower  than  that  previously  observed  under  similar  conditions,  be- 
ii^of  the  order  (r  =  5.6  to  5.7,  as  observed  by  the  writer.  Applying 
a  correction  of  about  1.7  per  cent  for  reflection'  and,  depending 
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upon  the  temperature  of  the  radiator,  a  correction  of  0.2  to  i  .2  per 
cent  for  absorption  of  CO,,  the  mean  value  of  52  independent  sets 
of  measurements  is  (''  =  5.85.  In  a  recent  discussion  of  the  con- 
stant  of  total  radiation,  Gttlach''"  places  his  value  at  a'  =  5.8o 
when  corrected  for  reflection. 

Gerlach  has  done  an  enormous  amount  of  experimental  work  and 
his  determination  is  one  of  several  which  should  be  a  convincing 
demonstrationthattheextreme  values  of  ff -5.3  to  6.5  are  subject 
to  correction,  in  so  far  as  the  corrections  can  be  determined. 

(d)  Observations  of  Coblentz.*'^*'* — This  research  was  under- 
taken after  making  a  study  of  the  instruments  and  methods  used  in 
the  earlier  determinations,  and  an'efiort  yras  made  to  embody  the 
good  features  and  eliminate  the  defective  ones.  It  is,  therefore, 
proper  to  discuss  the  work  in  considerable  detail. 

In  designing  the  apparatus,  an  attempt  was  made  to  embody 
black-body  conditions  in  the  radiator  (including  the  shutter  and 
the  receiver,  as  described  xmder  Section  II).  The  lack  of  black- 
ness of  the  radiator  has  been  discussed  by  Wien  and  I,ummer,»* 
who  gave  a  method  for  computing  the  correction  for  the  openit^ 
in  the  radiator,  on  the  assumption  that  the  inclostue  is  sphmcal 
and  diffusely  reflecting.  The  amount  of  energy  that  can  escape 
by  diffuse  reflection  through  the  opening  is  determined  practically 
by  the  size  of  the  opening  as  compared  with  the  total  area  of  the 
interior  of  the  radiator.  In  the  porcelain  tube  radiator  used  in 
the  present  work  the  interior  is  uniformly  heated  over  a  length 
of  8  to  ID  cm.  However,  for  the  purpose  of  the  present  computa- 
tion, a  length  of  only  2.5  cm  which  is  defined  by  the  first  dia- 
phrt^m,  is  considered.  The  area  of  the  inclosure  is  37.6  cm'  and 
that  of  the  opening  is  3.1  cm.'  On  the  basis  that  the  reflecting 
power  of  the  interior  of  the  painted  radiator  is  7  per  cent  (loc.  cit.,* 
p.  523,  Table  3),  the  loss  of  energy  by  diffuse  reflection  through  the 
inner  diaphragm  is  0.63  per  cent.  Using  an  unpainted  Marquanlt 
porcelain  radiator,  the  coefficient  of  radiation  is  decreased  by 
about  I  per  cent  (loc.  dt.,'*  p.  571),  showing  that  the  question  of 
lack  of  blackness  of  the  radiator  is  important. 

For  a  receiver"  it  was  decided  to  use  a  modified  Angstrbm  p3T- 
heliometer,**  embodying  novel  features  which  had  not  yet  been 
tried  by  others.  In  order  to  reduce  the  heat  capacity  of  the  man- 
ganin  receiver  and  provide  better  insulation,  the  thermopile  of  bis- 
muth and  silver,  having  a  continuous  receiving  surface,  was  placed 
a  short  distance  back  of  the  receiver.  The  apparatus  used  by  Ger- 
lach embodied  this  same  idea. 
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The  crucial  and  novel  part  of  the  apparatus  was  a  receiver  with 
potential  terminals  attached  thereto,  at  a  sufficient  distance  from 
the  ends  to  avoid  the  imcertainty  of  the  effective  length  of  the  re- 
ceiver which  is  exposed  to  radiation  and  the  length  utilized  in  mak- 
ing the  potential  measurements.  These  potential  wires,  which 
were  from  0.003  ^  0.025  i^^"™  i^  diameter,  defined  the  effective 
length  of  the  central  part  of  the  receiver  (which  was  utilized  in  the 
radiation  measurements)  more  accurately  than  seems  to  be  possible 
by  measuring  the  distance  between  two  heavy  electrodes  to  which 
the  teceiver  is  soldered  and  to  which  the  potential  terminals  are 
attached.  By  exposing  the  whole  length  of  the  receiver  to  radia- 
tion, conduction  losses  from  ^e  ends  of  the  receiver  do  not  enter 
the  problem. 

By  means  of  an  extra  terminal  the  effect  of  the  presence  of  the 
potential  terminals  was  determined*  and  foimd  negligible,  viz,  0.3 
per  cent.  The  method  of  finding  the  difference  of  potential  be- 
tween two  potential  terminals  seems  more  certain  than  to  find  the 
difference  of  potential  between  two  heavy  electrodes  as  used  by 
Gerlach.^  For,  when  the  soldering  is  well  done,  a  narrow  band 
tA  solder  protrudes  from  under  the  heavy  electrode  and  fills  up  the 
sharp  edge  where  the  receiver  joins  the  electrode.  Hence  the 
effective  length  of  the  receiver  is  less  than  that  measured  from  the 
sharp  edge  of  the  electrode,  and  an  erroneous  value  is  assigned  to 
the  area  of  the  receiver. 

The  operation  of  this  type  of  radiometer  would  have  involved 
the  use  of  a  hemispherical  mirror  placed  in  front  of  the  receiver .'''■*• 
This  may  introduce  errors  when  the  strip  is  heated  by  electrical 
means.  Hence,  after  conferring  with  specialists  in  geometrical 
optics  who  were  in  agreement  with  the  writer's  opinion  that  a 
reflecting  inclosure  is  likely  to  introduce  errors,  the  receiver  was 
used  without  tiie  hemispherical  mirror,  which  was  employed  in  a 
separate  experiment  to  determine  the  diffuse  reflection'  from 
lampblack  and  platinum  black,  and  finally,  in  determining  the  loss 
by  reflection  from  some  of  the  receivers  actually  used  in  making 
these  observations.  Hence,  the  loss  of  radiation  incident  upon 
the  receivers  was  probably  accounted  for  as  accurately  as  it  would 
have  been  by  employing  a  "blackening"  device  in  front  of  the 

In  order  to  test  the  questicm  of  the  accuracy  of  the  corrections 
used  for  eliminating  the  loss  by  reflection,  a  series  of  observations 
was  made  on  receiver  No.  10.  In  this  test  the  sUts  in  front  of  the 
Teceiver  and  all  other  coodations  remained  unchanged  (not  so  in 
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No.  6).  The  only  variation  was  in  smoking  the  platinum-black 
receiver  with  a  sperm  candle  after  making  the  first  set  of  obser- 
vations. The  reflecting  power  of  platinum  black  was  taken  to 
be  1.7  per  cent  *  and  that  of  lampblack  1.2  per  cent.  The  respec- 
tive determinations  are  ^  =  5.822  and  <r  =  5.8i4.  They  differ  only 
by  about  0.1  per  cent,  which  is  very  satisfactory  and  shows  that 
the  reflection  factors  were  (relatively,  at  least)  welt  determined. 

Subsequent  tests  showed  that  in  this  outfit  the  effect  of  atmos- 
pheric absorption  was  less  than  0.1  per  cent.*  This  conclusion  is 
substantiated  by  recent  measurements  made  by  Gerlach." 

The  thermopile  was  connected  with  a  magnetically  (unusually 
well)  shielded  ironclad  Thomson  galvanometer  of  special  design,*'-  *' 
which  served  merely  to  indicate  the  relative  rise  in  temperature 
of  the  receiver  when  exposed  to  radiation  and  when  heated 
electrically. 

The  method  of  observation  con^sted  in  exposing  the  receiver 
to  radiation  and  noting  the  galvanometer  deflection ;  then  in  heat- 
ing the  strip  by  passing  an  electric  current  through  it  to  give, 
within  I  per  cent,  the  same  deflection.  The  measurements  of  the 
power  put  into  the  strip  were  made  with  the  same  potentiometer 
used  in  measuring  the  temperature  of  the  radiator.  No  diflictUty 
was  experienced  in  determining  temperature  equilibriiun  on 
heating  the  receiver  by  radiation  and  by  electrical  means. 

The  exact  amoimt  of  energy  necessary  to  cause  the  same  deflec- 
tion as  that  produced  by  absorbing  radiant  energy  is  obtained  by 
multiplying  the  observed  energy  input  by  the  ratio  of  the  .galva- 
nometer deflections.  This  gives  the  "constant"  of  each  receiver. 
In  order  to  reduce  all  the  measurements  to  a  common  basis,  and 
at  the  same  time  obtain  a  value  of  the  coefficient,  or  the  so-called 
Stefan-Boltzmann  constant,  of  total  radiation,  the  custom  of 
previous  experimenters  was  followed  in  reducing  the  data. 

The  radiator  was  operated  at  a  temperature  of  800  to  1000°  C, 
within  which  range  the  temperatiue  scale  is  quite  well  detamined. 

The  data  obtained  with  receivers  Nos.  8  and  9  are  not  included 
in  the  final  value,  because,  at  the  time  the  measiu^ments  were 
made,  they  were  known  to  be  defective  (as  was  quite  fidly  ex- 
plained in  the  original  paper),  and  hence  the  reliability  of  the 
results  would  be  open  to  question.  For  example,  receivers  Nos. 
8  and  9,  which  were  of  platiniun,  were  heated  to  redness  to  clean 
and  brighten  their  surfaces  before  covering  them  with  platinum 
black.  As  a  result,  the  solder  at  the  ends  alloyed  with  the  plati- 
num, in  one  case  leaving  a  large  hole  between  the  potential  ter- 
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minal  and  the  electrode.     These  receivers  should  never  have  been 
used  for  precision  measurements. 

To  the  data  (304  pairs  of  measurements)  obtained  with  10  re- 
ceivers a  correction  of  1.2  per  cent  for  losses  by  reflection  was 
appUed  to  measurements  made  with  receivers  covered  with  lamp- 
black (soot),  and  a  correction  of  1.7  per  cent  to  measurements 
made  with  receivers  covered  with  platinum  black.  The  reflection 
from  a  receiver  covered  with  platintmi  black,  then  smoked,  is  1.2 
per  cent.  As  just  mentioned  these  corrections  were  determined 
by  direct  measurements  upon  some  of  the  receivers  used  in  this 
investigation  and  by  comparison  of  the  surfaces  of  the  other  re- 
ceivers with  samples  of  lam.pblack  whose  reflection  losses  had 
been  determined  in  a  previous  investigation.'  The  value  of  the 
coefficient  of  total  radiation,  after  applying  the  corrections  just 
mentioned,  is 

^  =  (5-722  ±0.012)  X  10""  watt  cm  "*  deg."' 

If  we  took  the  average  of  the  measurements  made  with  all  of  the 
receivers,  including  the  two  defective  ones,  the  value  of  the  radia- 
tion constant  would  be  increased  by  only  about  0.3  per  cent,  or 
(7  =  5.74.  This  is  owing  to  the  fact  that  these  two  defective 
receivers  represent  only  44  out  of  a  total  of  34S  pairs  of  meastue- 
ments. 

No  correction  was  made  for  absorption  by  atmospheric  carbon 
dioxide,  because  in  actual  test,*  the  effect  of  the  presence  of  COi, 
to  the  extent  of  o.i  per  cent,  could  not  be  detected.  Howeverj 
assmning  that  the  effect  is  as  large  as  indicated  by  Gerlach's' 
measurements,  this  correction  might  perhaps  amount  to  0.1  per 
cent  to  0.2  per  cent,  thus  increasing  the  value  to  9  =  5.7^. 

The  method  of  operation  is  unsymmetrical  in  that  when  the 
receiver  is  exposed  to  radiation  the  heating  is  produced  in  the 
lampblack  surface,  while  in  passing  an  electrical  current  through 
the  strip  the  heat  is  generated  within  the  receiver.  However, 
from  the  data  obtained  with  receivers  differing  ten  times  in  thick- 
ness, and  covered  with  different  kinds  and  thicknesses  of  absorb- 
ing material,  it  appears  that  the  manner  of  heating  the  receiver 
has  but  little  effect  upon  the  final  results. 

For  any  one  receiver,  operated  under  different  conditions,  the 
predston  attained  is  usually  much  better  than  i  per  cent.  For 
the  different  receivers  the  maximum  range  in  the  value  of  0  is  of 
the  order  of  i  .5  to  2  per  cent.     This  seems  to  be  independent  of 
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the  length  and  width  of  the  receive^-  and  of  the  kind  of  slits  used. 
The  accuracy  attained  with  this  method  of  evaluating  energy  in 
absolute  measure,  as  estimated  by  the  departure  of  individual 
determinations  from  the  mean  value,  appears  to  be  of  the  order 
of  1  per  ceDt. 

Recently,  Gerlach*^  has  discussed  -tiiese  data,  and,  since  his 
paper  contains  some  inaccurate  interpretations  of  this  work,  it 
is  relevant  to  add  a  few  comments  in  reply.  A  careful  and  un- 
biased examination  of  the  original  papers  *-  "  will  show  (i)  that 
receiver  No.  i ,  as  well  as  Nos.  8  and  9,  gave  values  which  were 
greater  than  tr  =  5.8 ;  (2)  that  Nos.  8  and  9  were  excluded  from  the 
beginning,"  because  they  were  defective — not  subsequently,'" 
because  they  gave  values  greater  than  <r  — 5.8,  as  Gerlach's  re- 
marks (loc.  cit.,  "••  p.  81)  would  leave  one  to  infer;  and  (3)  that 
the  "Good  series"  mentioned  by  Gerlach  refers  to  experimental 
conditions  for  series  CX  (just  as  in  series  CVI  we  read  "Galv. 
unsteady")  and  has  nothing  to  do  with  defects  in  the  receiver 
itself  which  cause  a  constant  error  in  the  work.  An  examination 
of  Gerlach 's  "  original  paper  (see  Table  8,  loc.  at. ")  shows  that 
he  also  omitted  from  his  final  values  data  obtained  with  the 
defective  receivers,  which  happened  also  to  give  abnormally 
high  values.  In  fact,  his  first  value  is  based  upon  only  about 
one-half  (4)  of  the  total  number  of  receivers  constructed,  while 
the  writer's  value  is  based  upon  10  out  of  13  receivers. 

(e)  Observations  of  Kakanowicz.^  —  The  apparatus  used  by 
^almuowicz,  is  essentially  a  modification  of  the  Angstrtim  pyr- 
heUometer,"  The  receiver  was  placed  at  the  center  of  a  spherical 
mirror  with  an  opening  in  one  side  to  admit  radiation.  In  this 
manner  the  correction  for  reflection  was  eUminated.  The  shutter 
was  close  to  the  receiver.  If  its  temperature  was  different  from 
that  of  the  water-cooled  diaphragm  which  was  before  the  radiator, 
errors  in  the  radiation  measurements  woidd  occur.  As  men- 
tioned eleswhere  in  this  paper,  the  shutter  should  be  placed 
between  the  water-cooled  diaphragm  and  the  radiator  to  avoid 
a  change  in  smrotmdiags  facing  the  receiver  when  the  shutter 
is  raised  for  making  the  radiation  measurements. 

The  temperature  range  was  from  260  to  530°  C.  The  distance 
from  the  radiator  to  the  receiver  was  35  to  55  cm.  A  series  of  28 
measurements  gave  an  avenge  value  of  0-=5.6i.  Of  this  number 
1 1  gave  a  value  of  a  =  5.7.  Out  of  a  series  of  four  measurements 
made  in  December,  1916,  with  the  distance  (^-56  cm,  three  gave  a 
value  of  ff=5.7. 
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No  corrections  were  made  for  atmospheric  absorption,  which 
for  the  temperatures  used  is  not  n^ligible.  In  a  previous  paper 
(ioc.cit.,*p.  576)  itwas  shown  that  on  removing  the  moisture  (vapor 
pressure  o(  id  to  12  mm)  from  a  column  of  air  52  cm  in  length, 
the  radiation  constant  was  increased  from  o'='5.4i  to  5.55,  or 
about  2.6  per  cent.  Other  measiu'ements  mentioned  in  the 
paper  just  dted  indicate  an  absorption  of  2  to  3  per  cent  of  the 
radiations  emitted  by  a  black  body  at  1000°  C  for  the  average - 
humidity  of  Washington.  The  vapor  pressures  at  Naples  are 
considerably  higher  than  at  Washington.  From  these/  as  well 
as  Gerlach's,  **>  "•  data  it  would  appear  that  the  corrections  for 
atmospheric  absorption  must  be  at  least  i  per  cent.  For  the  low 
temperatures  at  which  the  radiator  was  operated,  a  conservative 
estmate  pf  the  correction  to  the  radiation  data  obtained  by 
Kahanowicz  is  1.5  to  2  per  cent,  or  a  value  of  <7-=5.69  to  5.73. 
In  other  words  the  Naples  value  of  the  coefficient  of  total  radia- 
tion is  comparable  wi^  other  recent  determinatioiis  which  indi- 
cate a  value  of  a  -  5.7. 

(j)  Observations  of  Foote}'* — It  is  of  interest  to  record  Foote's 
deductions  of  the  probable  value  of  the  coefficient  of  total  radi- 
ation as  obtained  in  the  course  of  an  investigation  of  the  Marvin 
pyrheKometer. 

The  receiver  of  this  pyrheliometer  consists  of  a  silver  disk 
about  45  mm  in  diameter  and  3  mm  in  thickness,  inside  of  which 
is  a  spirally  wound  insulated  nickel  wire  in  the  fonn  of  a  3-lead 
resistance  thermometer  This  coil  serves  both  as  a  thermometer 
and  as  a  heater  for  calibrating  the  device  by  means  of  electrical 


Foote  calibrated  the  instrument  by  the  usual  electric  method 
and  then  radiometrically  by  exposure  to  the  radiation  of  a  black 
body.  On  the  assumption  that  the  coefficient  of  total  radiation 
is  «■=  5.7,  he  found  the  two  methods  of  calibration  in  agreement 
within  the  Umit  of  the  errors  of  observation. 

{g)  Observations  of  PuccianH." — The  method  of  operation  is 
just  the  opposite  of  that  usually  employed,  and,  in  view  of  the 
small  radiant  energy  exchanges  involved,  in  comparison  with  the 
transfer  of  energy  by  heat  conduction  and  by  convection,  this  may 
perhaps  be  the  weak  point  in  his  method. 

Puccianti  constructed  a  bolometer  in  the  form  of  a  black  body, 
which  is  kept  at  room  temperature.  This  black  body  really  is  the 
radiator.     The  other  black  body  (which  is  really  the  receiver. 
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consisting  of  a  blackened  glass  bulb)  instead  of  being  at  a  h^ber 
temperature,  as  usually  is  the  case,  is  at  the  temperature  of  car- 
bon dioxide  snow  or  of  liquid  air.  He  measured  the  electric 
power  which  had  to  be  supplied  to  the  first  black  body  to  keep  the 
temperature  constant  in  order  to  compensate  for  the  energy  tost  by 
radiation  to  the  second  black  body.  He  very  ingeniously  con- 
structed two  black-body  bolometer  branches  exactly  alike,  the 
-one  to  be  exposed  to  the  cold  receiver  and  the  other  to  be  protected 
from  it.  Each  of  these  bolometer  branches  consisted  of  a  vessel 
of  o.  I  mm  sheet  copper  having  the  form  of  a  cone  and  a  frustum 
of  a  cone  united  at  the  bases.  The  internal  surface  was  smoked. 
The  external  suiface  was  polished,  and  upon  it  were  wound  two 
thin  insulated  wires.  One  of  these  wires,  of  iron,  formed  the  bo- 
lometric  branch,  and  the  other  wire,  of  manganin,  was  used  as  a 
heating  resistance.  The  other  two  branches  of  the  bolometer 
bridge  were  formed  of  resistance  coils  and  the  whole  was  con- 
nected with  a  galvanometer  and  storage  battery  as  in  any  ordinary 
bolometer.  The  two  sensitive  black-body  branches  of  the  bolom- 
eter were  in  an  evacuated  vessel,  which  was  kept  in  a  tank  of 
water. 

Puccianti  measured  the  (electrical)  energy  necessary  for  com- 
pensation to  prevent  the  bridge  from  being  unbalanced  when  one 
branch  was  exposed  to  the  receiver.  He  obtained  a  value  of 
^  =  5.96. 

The  method  is  an  ir^enious  variation  from  the  usual  procedure. 
The  apparatus  should  have  been  constructed  so  that  both  bolom- 
eter branches  could  have  been  used  as  radiators.  From  the 
illustrations  it  appears  that  radiation  from  one  branch  could  fall 
upon  the  other,  which  would  introduce  errors.  Another  uncer- 
tainty is  the  temperatxffe  and  the  manner  of  operation  of  the 
shutter.  Tests  might  have  been  made  to  determine  whether  the 
bolometer  remained  balanced  when  a  heating  cturent  was  ap- 
plied to  both  branches,  without  allowing  one  branch  to  radiate  to 
the  receiver.  Furthermore,  to  repeat  the  herein  oft-mentioned 
device,  a  heatii^  coil  should  have  been  inserted  temporarily 
within  the  radiator  to  determine  the  energy  input  as  compared 
with  the  eneigy  input  required  in  the  outer  heating  coils  in  order 
to  maintain  a  balance.  The  device,  as  used,  is  tmsymmetrical  in 
that  the  heating  coil  is  not  in  the  proper  place  to  operate  the 
most  efficiently.  From  this  it  appears  that  the  constant  is  less 
than  that. indicated  by  these  measurements. 
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2.  THBRHOHBTRIC  METHODS  WITH  "BLACK!"  RECEIVERS 

(a)  Observations  of  Firy.^ — In  order  to  eliminate  the  question 
of  reflection  from  the  surface,  F^ry,"  made  a  series  of  detennina- 
tions  of  the  radiation  constant,  a,  by  means  of  a  thermoj unction 
which  is  formed  into  a  long  conical-shaped  metal  receiver,  which 
is  blackened  on  the  inside.  On  the  outside  of  the  cone,  and  insu- 
lated from  it,  was  wound  a  heating  coil  of  known  resistance  for 
calibrating  the  receiver.  This  was  done  by  noting  the  tempera- 
ture rise  (galvanometer  deflections)  with  the  electrical  energy 
input.  The  receiver  was  then  exposed  to  an  electric  furnace, 
which  was  heated  to  various  temperatures  from  500  to  1200°  C, 
and  the  corresponding  galvanometer  deflections  were  observed. 
He  obtained  a  value  of  ff=6.30. 

(t)  Observations  by  Firy  and  Drecq.** — ^The  work  was  under- 
taken anew  by  F^ry  and  Drecq,^  the  receiver  being  a,  cone  of 
brass  having  an  opening  of  30^  placed  within  a  large  sphere  of 
brass,  which  was  surmounted  by  a  glass  tube  with  a  capillary 
1  mm  in  diameter.  The  large  brass  sphere  was  filled  with  alcohol, 
the  whole  forming  a  thermometer  in  which  i  mm  rise  in  height 
of  the  column  in  the  capillary  indicated  a  rise  in  temperature 
of  ©".oos.  Surrounding  the  outside  of  the  brass  case  was  a  coil 
of  wire  through  which  an  electric  current  was  passed  and  the 
energy  input  noted  to  cause  the  same  temperatiue  as  that  pro- 
duced by  exposing  the  opening  of  the  cone  to  the  radiator.  They 
found  a  mean  value  of  7=6.51.  This  is  the  highest  value  yet 
reported.  The  relative  values  obtained  with  the  instrument 
show  a  fair  constancy  over  the  whole  temperature  range  which 
extended  to  the  melting  point  of  gold.  However,  the  same 
is  true  of  Valentiner's  values  obtained  by  the  bolomteric  method. 
This  indicates  that  there  is  some  constant  factor,  which  is  not 
eUminated  and  which  causes  the  numerical  value  of  ff  to  be  high 
or  low.  Various  suggestions  have  been  made  as  to  the  cause 
of  their  excessively  large  values.  It  appears  that  part  of  the 
difficulty  hes  in  the  unsymmetrical  way  in  which  the  instrument 
is  operated.  It  is  calibrated  by  a  heating  coil  which  is  in  contact 
with  the  alcohol  (or  air,  in  the  first  case)  and  can  warm  the  latter 
by  conduction  and  by  absorption  of  radiant  energy.  On  the 
other  hand,  the  incomii^  radiation  must  be  transformed  by 
absorption  in  the  cone,  and  the  effect  produced  reaches  the 
alcohol  principally  by  conduction.  As  a  result  of  this  type  of 
calibration,   the  apparent  value  of  the  radiation  constant    is 
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higher  than  the  true  value.  The  weak  point  is  in  not  having  the 
heating  coil  within  the  receiver,  which  should  be  constructed  so 
that  but  Kttle,  if  any,  of  the  entering  radiation,  or  the  energy 
radiated  from  the  heating  coil,  can  escape  throtigh  the  openii^  in 
the  receiver.  This  might  easily  have  been  done  by  forming  the 
receiver  into  a  double-coned  receiver,  such  as  was  used  by  Puc- 
danti.  However,  even  with  all  these  precautions,  this  type 
of  receiver  does  not  appear  satisfactory. 

A  farther  determination  of  this  constant  was  made  by  F67 
and  Drecq,"'  in  which  the  radiations  from  an  electric  furnace 
fell  upon  a  strip  of  platinimi  (area  36  by  55  and  0.03  mm  in  thick- 
ness), blackened  electrolytically  with  platinum  black.  The 
radiation  measurements  were  nuide  by  sighting  upon  the  front 
and  the  rear  surfaces  of  the  platinum  strip  by  means  of  a  F^ 
pyromet^,  the  angle  of  incidence  beii^  48°.  Their  new  value 
of  the  radiation  constant  is  a  =  6.2,  The  measurements  upon 
the  posterior  surface  lead  to  the  value  <r  =  5.57,  which  is  said 
to  correspond  with  the  measurements  on  the  anterior  surface 
made  with  plane  receivers.  If  we  correct  the  latter  value  by 
2  per  cent  for  reflection  we  obtain  the  value  a  =  5.68,  which  is 
of  the  same  magnitude  as  observed  by  the  writer.  This  new 
determination  of  <r  by  F^  and  Drecq  appears  to  have  been 
made  defective  by  their  reduction  of  the  original  observations; 
for  example,  they  claim  that  the  coefficient  of  absorption  of  the 
receiver  was  only  0.82  to  0.84,  which  seems  impossible  from 
numerous  and  diverse  experiments  on  the  diffuse  reflecting 
power  of  platinum  black  made  by  others.  Attention  was  called 
to  this  fact  by  Bauer,"  who  places  their  value  of  a  between  5.1 
and  5.8,  and,  by  maJdng  a  correction  of  2  per  cent  for  reflection, 
deduced  a  value  of  a -5.68.  In  all  three  methods  the  data 
are  meager  as  to  elimination  of  the  various  errors  which  may 
occur.  For  example,  an  error  may  arise  in  determining  the 
power  put  into  the  platinum  strip.  Another  important  source 
of  error  lies  in  the  manner  of  operation  of  the  water-cooled  shutter, 
which  should  be  phtced  between  the  water-cooled  diaphragm 
and  the  radiator. 

(c)  Observations  of  Bauer  and  Moulin.^' — In  order  to  obviate 
the  difficulties  encoimtered  by  F^  and  Drecq  "  in  caJibratiug 
their  conical-shaped  receivers,  Bauer  and  Moulin  caUbrated  their 
receiver  (which  was  a  F^  pyrometer)  by  sighting  it  upon  a  strip 
of    platinum  which   was  heated    to    different   temperatures  by 
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aa  electric  current.  In  order  to  determine  the  amount  of  radiant 
energy  falling  upon  the  receiver  it  was  necessary  to  eliminate  the 
losses  from  the  strip  by  conduction  and  convection.  For  this 
purpose  the  platinum  strip  was  heated  in  air  and  in  a  vacuum,  the 
power  consumed  being  determined  for  a  definite  length  of  plat- 
inum, defined  by  potential  tenninals  as  used  in  the  present  paper. 
Having  calibrated  the  pyrometer  by  noting  the  galvanometer 
deflections  for  the  various  amounts  of  energy  put  into  the  platinum 
strip,  they  sighted  the  pyrometer  upon  a  black  body  heated  to 
various  temperattnes  and  noted  the  galvanometer  deflections. 
Their  first  announced  value  was  a  '=  6.0.  However,  as  in  numerous 
other  cases  herein  cited,  they  introduced  errors  in  the  final  reduc- 
tion of  their  data.  They  had  observed  the  radiation  emitted 
from  the  platinum  strip  at  an  angle  of  13°  from  the  normal  and 
applied  a  correction  •"  of  about  12  per  cent,  which  reduced  their 
value  to  ^  =  5.3.  This  correction  is  recognized  to  be  much  too 
large,**  so  that  their  value  of  the  radiation  constant  lies  between 
(r«5.3  and  6.0,  which  indicates  the  close  grouping  of  all  the  deter- 
minations about  the  value  c-^s.?.  They  made  no  correction  for 
atmospheric  absorpticm  which  would  increase  their  value  from 
"■  =  5-3  to  ff  =  5.6  or  5.7.  In  a  previous  communication  on  the 
solar  constant  Bauer  and  Moulin  (loc.  cit.,"*  p.  1658),  using  an 
Ai^strom  pyrheliometer,  found  the  value  ff  — 5.7. 

(d)  Observations  of  Puccianti.*^ — In  a  continuation  of  his  investi- 
gations Puccianti  gives  a  determination  in  absolute  measure  of 
the  radiation  of  a  black  body  in  which  the  temperature  change  is 
measured  by  means  of  a  toluene  thermometer,  the  bulb  of  which 
is  formed  into  a  hollow  cone  that  is  allowed  to  radiate  to  a  black- 
body  receiver,  which  is  at  the  temperature  of  liquid  air.  The 
measurement  is  made  by  compensating  the  heat  lost  by  the  ther- 
mometer by  the  application  of  an  electric  current. 

The  apparatus  not  being  differential  in  construction,  the  tem- 
perature of  the  water  bath  had  to  be  kept  rigorously  constant  in 
order  to  have  the  meniscus  of  the  thermometer  move  slowly  and 
regularly.  The  response  of  the  apparatus  was,  of  coiu^,  slow 
and  sluggish,  which  is  a  common  property  of  this  type  of  receiver 
(radiator),  so  that  it  required  faY)m  four  to  eight  minutes  to 
obtain  a  measurement. 

The  same  criticisms  apply  to  this  instrument  that  have  been 
mentioned  in  the  cruder  form  of  thermometer  used  by  F^  and 
Drecq."    The  energy  for  compensation  is  supplied  by  a  heating 
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coil  which  is  in  contact  with  the  liquid  (a  good  scheme  in  so  far  as 
it  applies  to  heating  the  liquid)  and  on  the  side  of  the  wall  of  the 
receiver  opposite  to  that  upon  which  the  incoming  radiations 
impinge.  The  arrangement  is  therefore  unsymmetrical.  The 
heat  of  compensation  should  have  been  supplied  by  a  coil  inserted 
within  the  receiver,  provision  being  made  that  little  or  none  could 
escape  by  reflection  and  by  direct  radiation  through  the  opening. 
In  this  manner  the  condition  of  heat  interchanges  would  have 
been  the  most  closely  fulfilled.  In  the  instrument  as  used  the 
opportimity  for  escape  of  energy  seems  greater,  so  that  in  com- 
pensation there  is  a  tendency  to  produce  a  value  which  is  higher 
than  the  true  value  for  radiation  imaccompanied  by  conduction. 
By  placing  the  heating  coil  within  the  receiver  and  using  a  high 
temperature  radiator,  Fucdanti's  device  should  be  applied  in  the 
manner  recently  used  by  Keene," 

Puccianti  considered  the  predaon  of  this  method  as  high  as 
that  of  the  bolometric  apparatus,  but  the  sensitivity  of  the  ther- 
mometric  apparatus  was  very  much  inferior  to  the  bolometer. 
Nevfertheless,  he  seems  to  prefer  the  thermometric  method  in 
spite  of  its  small  sensitivity.  He  obtained  a  value  of  6.oo<ff<  6.3, 
and  his  intermediate  value  is  <r  =  6,i5. 

(«)  Observations  of  Ke^tie.*' — In  the  determination  of  the  con- 
stant <r  by  Keene,  the  radiator  consisted  of  an  electric  finnace 
which  could  be  heated  to  1000"  C.  The  receiver  consisted  of  a 
hollow,  spherical,  double-walled  thermometer  bulb  provided  with 
a  small  aperture  in  its  side  to  admit  the  radiation  to  be  measured. 
The  space  between  the  walls  is  filled  with  aniline,  which  served  as 
thermometric  substance,  its  expansion  being  observed  in  a  capil- 
lary tube  in  the  ususal  way,  i  mm  division  =  0.0005*  C. 

In  order  to  eliminate  the  effect  of  the  variation  of  room  temper- 
ature, two  such  thermometers  were  used  differentially,  radiation 
being  admitted  into  one  of  them,  the  differential  effect  giving  a 
measure  of  the  energy  supply.  The  interior  of  the  bulb  receiving 
the  radiation  was  provided  with  an  electric  heating  coil  for  the 
purpose  of  caUbration.  The  paper  contains  the  derivation  of  an 
exact  expression  for  the  energy  interchange  between  two  radiating 
coaxial  circular  openings.  For  he  foimd  that  the  approximate 
formula,  which  is  ordinarily  used  when  the  distance  between  the 
opening  is  large,  was  not  accurate  enough  for  his  work.  His  value 
of  the  radiation  constant  is  it  =  5.89. 
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3.  niDIRBCT  ASD  SOBSTITUTIOM  METHODS 

(o)  Observations  of  Shakespear  .** — The  value  of  the  constant  a 
is  obtained  by  a  method  which  is  based  upon  the  principle  that  a 
heated  body  in  air,  in  surroundings  at  a  lower  temperature,  loses 
heat  (a)  by  conduction,  (6)  by  convection,  and  (c)  by  radiation. 
If  the  rate  of  heat  loss  by  a  body  be  observed  in  two  cases,  the  only 
difference  being  that  the  emissivity  of  the  radiating  surfaces  va- 
ries, other  conditions  remaining  the  same,  it  is  quite  correct  to 
assume  that  the  losses  (a)  and  (6)  wilt  be  the  same  and  that  the 
difference  between  the  observed  rate  of  loss  of  energy  in  the  two 
cases  is  due  only  to  the  difference  in  the  losses  by  radiation.  If, 
now,  these  two  different  surfaces,  at  the  temperature  of  boiling 
water,  be  exposed  in  turn  to  a  radiomicrometer  at  the  room  tem- 
perature, we  obtain  the  ratio  of  the  rates  of  the  enei^  radiated 
by  the  two  surfaces. 

In  the  experiments  a  plate  of  metal  with  a  silvered  surface  was 
heated  electrically  to  100°  C,  and  close  to  it  was  another  plate, 
blackened  with  soot,  which  was  cooled  with  water.  Between  the 
plates  was  air  at  atmospheric  pressure.  Shakespear  measured 
the  energy  input  in  order  to  maintain  the  plate  at  100°  when  (i) 
the  smface  of  the  plate  was  highly  polished  and  (2)  when  it  was 
blackened.  He  measured  also  the  ratio  of  the  emissivities  of  the 
plate  under  these  two  conditions,  using  a  radiomicrometer  for  the 
purpose.  From  this  he  obtained  a  value,  ff'  in  absolute  units.  He 
then  compared  the  emissivity  of  the  lampblack  surface  at  100° 
with  that  of  a  black  body  at  the  same  temperature  by  means  of  a 
radiomicrometer.  From  this  latter  comparison  combined  with 
the  value  of  9'  he  found  a  value  of  *=  5.67. 

From  this  description  it  may  be  noticed  that  the  essential  parts 
of  the  method  differ  from  that  of  Westphal "  in  that  the  radiator 
was  a  flat  metal  plate  which  was  used  in  air  instead  of  a  vacuum, 
and  that  the  black  body,  with  which  the  emissivity  of  the  plate 
had  to  be  measured,  was  separate  from  it;  while  in  Westphal's 
instrument  the  black  body  was  self-contained  within  the  metal 
(in  the  form  of  a  cylinder),  of  which  the  emissivity  of  the  surface 
had  to  be  measured. 

{b)  Observations  of  Todd** — In  his  experiments  on  the  thermal 
conductivity  of  gases  Todd  used  a  thin  layer  of  air  inclosed  be- 
tween two  horizontal,  parallel,  good-conducting  plates,  which  were 
maintained  at  different  temperatures  The  colder  plate,  of  course, 
receives  heat  by  radiation  and  by  conduction  through  the  air  from 
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the  hotter  plate,  which  is  above  it.  Commuiucation  from  the 
surrounding  air  is  shut  off  by  an  insulating  ring,  and  the  two 
plates  being  close  together  in  comparison  with  their  linear  dimen- 
sions the  convection  currents  are  eliminated.  He  determined  the 
energy  lost  by  radiation  by  varying  the  distance  *  between  the  two 
plates  and  noting  the  corresponding  variation  in  the  quantity  Q 
of  heat  passing  from  the  upper  to  the  lower  plate.  These  values 
of  X  and  Q,  when  plotted,  form  a  rectangular  hyperbola  and  the 
horizontal  asymptote  gives  the  value  R  of  the  radiation.  The 
enei^  input  was  determined  by  a  calorimetric  method.  In  order 
to  determine  the  constant  <r,  he  had  simply  to  find  the  ratio  of 
emissivities  of  the  blackened  plate  to  that  of  a  black  body  at  the 
same  temperature,  for  which  purpose  a  radiomicrometer  was  em- 
ployed. The  value  of  this  ratio  and  the  constants  obtained  in 
the  main  part  of  his  experiment  enabled  him  to  compute  the  ra- 
diation constant  which  he  found  to  be  ff  =  5.48. 

This,  like  the  preceding  method,  is  likely  to  give  a  low  value  of 
the  coefficient  of  total  radiation  owing  to  uncertainty  of  the  exact 
temperature  of  the  radiatii^  surface  of  lampblack.  A  thin  layer 
of  soot  is  fairly  efficient  in  its  emission  and  absorption.  But  a 
thick  layer  of  soot  is  qiaite  nonconducting  of  heat,  as  was  found 
by  the  writer '  in  the  measurements  of  diffuse  reflection. 

(c)  Observations  of  Westpkal.*^'  " — An  important  determination 
of  the  coefficient  of  total  radiation  was  made  by  Westphal.  The 
experiment  consisted  in  comparing  the  emissivity  of  a  cylindrical 
block  of  copper,  when  it  was  highly  poUshed  and  when  it  was 
blackened;  with  the  emissivity  of  a  black  body  at  the  same  tem- 
perature. The  novelty  involved  in  the  method  is  in  having  the 
black  body  contained  within  the  cylinder.  The  copper  cylinder 
was  heated  electrically,  and,  to  reduce  the  energy  losses  by  gaseous 
heat  conduction,  this  copper  cylinder  was  suspended  in  a  glass 
flask,  from  which  the  air  could  be  exhausted  to  i  mm  pressure. 
The  outer  smface  of  the  cylinder  was  either  highly  polished  to 
give  it  a  low  emissivity  or  painted  with  lampblack  to  give  it  a 
high  emissivity.  The  end  surfaces  remained  unchanged.  The 
heat  losses  by  conduction  and  convection  were  therefore  the  same 
throughout  the  experiment,  and  the  difference  in  energy  input, 
when  the  surface  of  the  cylinder  had  a  high  emissivity  and  when  it 
had  a  low  emissivity,  was  a  measure  of  the  enei^y  lost  by  radia- 
tion. 

Using  the  surface  of  the  cylindrical  body  when  highly  polished, 
Westphal  proceeded  to  find  the  curve  of  energy  input  of  the  body 
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as  -a  function  of  the  temperature  between  the  temperatures 
350  and  425°  absolute.  Then  the  surface  of  the  body  was  brought 
to  a  high  emissivity  by  applying  in  succession  different  black^iing 
materials,  and  the  energy  input  was  measured  at  difierent  tem- 
peratures. 

The  emissivities  of  the  surface  and  of  the  interior  of  the  copper 
cylinder  were  compared  by  means  of  a  thermopile.  The  numerous 
details  need  not  be  discussed.  Suffice  it  to  say,  that  the  work 
appears  to  have  been  thoroughly  done,  and  from  the  nature  of  the 
method  it  seems  free  from  gross  systematic  errors.  His  mean 
value  is  ^  =  5.54. 

He  modified  the  apparatm,  extending  the  observation  over  a 
wider  range  of  temperature  with  a  view  to  increasing  the  accuracy, 
and  obtained  the  value  v-=5.57.  Although  nothing  further  seems 
to  have  been  published  subsequently,  Westphal  obtained  further 
measurements,  which  yielded  the  value  <r-=5.67.** 

This  is  in  excellent  agreement  with  Shakespear's  results,** 
showing  that  the  coefficient  of  radiation  as  determined  by  reliable 
methods  is  the  order  9  =  5.7. 

As  already  noted  in  discussing  Todd's  data,  it  is  uncertain 
whether  in  all  cases  the  surface  of  a  layer  of  lampblack  soot  has 
the  temperatme  of  the  metal  plate  upon  which  it  is  deposited. 
Gerlach  *'  performed  experiments  which  led  him  to  questiMi 
whether  Westphai's  results  were  not  shghtly  low  owing  to  the  use 
of  lampblack. 

This  and  the  preceding  measurements  of  the  coefficient  of 
total  radiation  are  excellent  variations  from  the  direct  method. 
They  are  likely  to  give  slightly  low  values,  just  as  the  thenno- 
metric  methods,  just  described,  give  high  values.  Hence,  these 
two  methods  serve  the  purpose  of  establishing  upper  and  lower 
limits  of  the  radiation  constants. 

(d)  Deductions  of  Lewis  and  Adams." — In  concluding  the  survey 
of  what  the  writer  considers  the  most  reliable  experimental  deter- 
minations of  the  coefficient  of  total  radiation,  it  is  of  interest  to 
include  in  this  paper  a  theoretical  computation  by  Lewis  and 
Adams  based  upon  data  on  the  elementary  electric  charge,  e,  the 
gas  constant,  R,  and  the  Faraday  equivalent,  F.  Their  calcida- 
tions  lead  to  a  value  of  <r-5.7. 

The  foregoing  data  are  assembled  in  Table  1 ,  which  gives  also 
the  corrected  values  after  making  conservative  corrections  for 
atmospheric  absorption,  which  important  factor  was  in  many 
cases  n^kcted  by  experimenters. 
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It  is  interesting  to  find  that  these  data,  which  were  obtained  by 
widely  different  methods  and  which  appear  so  discordant  on  first 
perusal  of  the  original  papers,  are  in  excellent  agreement.  The 
vaiiotis  vedues  range  about  the  number,  <''  =  5-7-  In  fact,  two- 
thitds  of  the  total  number  (12)  of  determinations  are  close  to 
ff  =  5.7.  The  mean  value  of  all  the  data  which  are  free  from 
obvious  errors  is  ^  =  5.72  to  5.73.  If  we  neglected  Todd's  low 
value,  determined  from  gas  conduction  experiments,  and  Puc- 
cianti's  high  value,  which  is,  no  doubt,  too  high,  the  mean  value 
remains  unchanged.  As  we  shall  see  presently,  experimental 
data  on  ionization  potential.  X-rays,  and  photoelectric  work  show 
that  the  value  of  the  coefficient  of  total  radiation  is  of  the  ord^c 
(T  — 5.7x10"*  erg  cm"'  sec."'  deg."^ 

TABLE  1.— Obaened  Vtlue  and  the  Host  Probable  Value  of  the  Constant  of  Total 
Radiatloii  aficc  Conecting  for  Reflection,  Atmoeplierlc  Absorption,  etc. 


CallbimWd  pjioraiilai. 
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IV.  DISCUSSION  OF  VARIOUS  DETERMINATIONS  OF  THE 
CONSTANT  OF  SPECTRAL  RADIATION 

Planck's"  equation  £^  —  CiX"*  (c^'"-!)*'  is,  no  doubt,  the  closest 
representation  yet  formulated  of  the  observed  enei^  distribu- 
tion in  the  spectnim  of  a  black  body.  The  constant  C  (often 
written  in  the  more  etunbersome  form  d)  determines  to  a  great 
extent  the  slope  of  the  isothermal  spectral  energy  cinrve.     In  the 
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spectral  region,  free  from  atmospheric  absorptioii,  to  6^,  the 
observed  and  the  computed  curves  obtained  by  the  writer,^*  are 
in  agreement  to  within  the  errors  of  observation,  viz,  0.5  to  i  per 
cent. 

Rubens  and  Kurlbaum  "  have  made  isochromatic  observa- 
tions using  the  residual  rays  of  finorite  in  the  spectral  region  of 
24^  and  521J..  Their  data  are  also  in  exact  agreement  with  those 
computed  by  the  Planck  equation.  From  these  data  it  appears 
that  the  Planck  equation  may  be  considered  as  representing,  within 
the  errors  of  observation,  the  energy  distribution  of  a  black  body 
in  the  spectrum  extending  from  0.5;*  to  50^*. 

The  Planck  formula  is  based  on  theoretical  considerations,  and 
after  almost  two  decades  of  discussion  it  remains  unchanged. 
Recently,  Nemst  and  Wulf"  have  arbitrarily  modified  the  co- 
efficient in  the  above  equation,  changing  C,  to  C,  (i+a),  where  a 
is  a  variable.  The  whole  procedure  is  based  upon  the  assumption 
that  the  numerical  value  of  the  constant  is  C=>i4  3oo,  as  ob- 
served from  isochromatic  observations.  Hence,  in  view  of  the 
fact  that  the  (older)  values  of  C,  obtained  from  isothermals,  are 
somewhat  higher,  they  must  be  reduced  by  a  factor  (i  —  o),  de- 
pending upon  the  temperature  of  the  radiator.  They  point  out 
explicitly  that  the  whole  procedure  depends  upon  the  truth  or 
falsity  of  the  value  of  C=  14  300;  or,  rather,  as  will  be  seen  pres- 
ently, upon  the  truth  or  falsity  of  the  older-values  of  C=- 14  400 
(about)  obtained  from  isothermal  meastu^ments.  Their  deduc- 
tions lead  to  a  value  ote  =  6.04,  which  from  a  consideration  of  the 
whole  subject,  on  a  subsequent  page,  appears  to  be  much  higher 
than  the  true  value.  Until  we  have  more  reliable  experimental 
data,  using  isothermals,  it  does  not  appear  necessary  to  consider  a 
modification  of  the  Planck  equation. 

In  spite  of  all  that  has  been  published  on  the  partition  of  energy 
in  the  spectrum  of  a  black  body,  there  are  but  few  data  at  hand 
which  are  more  than  quahtative  in  value. 

To  the  writer  it  seems  that  all  these  early  data  shoidd  be  con- 
sidered from  the  standpoint  of  historical  interest,  since  it  seems 
impossible  to  give  thenf  much  weight  in  connection  with  the  re- 
sults obtainable  at  the  present  day. 

(a)  Observations  of  Pdschen.  *•>  "" — -The  pioneering  work  in 
Spectral  radiation  measurements  and  constants  was  inaugerated  by 
Paschen,*  who  observed  an  extensive  series  of  spectral  energy 
curves  at  temperatures  ranging  from  100  to  450"  C,  using  six  dif- 
ferent kinds  of  bolometers  covered  with  different  kinc^  of  ab- 
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sorbing  material — for  example,  lampblack  and  platinum  black  or 
copper  oxide — also  havii^  the  bolometers  in  the  focus  of  a  hemi- 
spherical mirror.  The  radiators  were  heated  by  means  of  boiling 
water,  aniline,  sulphur,  etc.  The  mean  value  of  Etil  bis  observa- 
tions, which  are  in  close  agreement,  was  A  ■"Xb,T=*  2S91  and  C'> 
14353.  He  continued  the  work  at  temperatures  rai^;ing  from  400 
to  1050°  C  uang  a  large  porcelain  radiator.  He  used  also  metal 
cups  of  copper  or  platinum  blackened  with  oxides  of  copper  or 
iron,  and  heated  within  this  porcelain  radiator,  making  in  all 
about  a  dozen  different  arrangements  of  the  radiators  The  bolom- 
eter was  covered  with  platinum  black  and  was  situated  in  the 
focus  of  a  hemispherical  mirror  to  "  blacken  "  it.  The  mean  of  the 
new  series  was  A  =  2907,  with  a  probable  error  of  ±16. 

In  a  fmilier  investigation  Paschen  '*  undertook  the  work  anew, 
after  redetermining  the  reflecting  power  of  silver  and  the  refrac- 
tive indices  of  fluorite.  He  used  a  porcelain  tube  radiator,  also 
three  other  radiators,  which  he  blackened,  as  in  the  preceding  re- 
search. He  took  the  wise  precaution  to  project  an  image  of  the 
radiating  wall  of  the  black  body  upon  the  spectrometer  slit  in  order 
to  avoid  possible  radiations  from  the  side  walls  and  diaphragms 
falling  upon  the  prism  and  bolometer.  Complete  corrections  for 
the  selective  reflection  of  the  silver  mirrors,  and  also  for  the  loss  by 
reflection  from  the  prism,  were  made  He  then  found  that  his 
observations  fitted  neither  the  Wien  nor  the  Planck  equation,  the 
values  on  the  long  wave-length  side  of  the  energy  curves  falling 
between  the  two  theoretical  curves  He  found  that  if  (for  reasons 
he  himself  could  not  explain,  loc.  dt.,  p.  295)  he  multiplied  his 
observations  byfactorsvarying  from  1. 02 at  2.91^ to  1.195  at8.25iu, 
etc.,  the  observed  energy  curve  would  fit  the  Planck  equation  and 
fulfilled  better  the  condition  of  congruence.  Upon  this  basis  he 
obtained  a  value  of  X  =  2921  for  his  newest  data.  He  then  ap- 
plied factors  to  some  of  his  previous  data,  thus  making  them  agree 
better  with  the  Planck  equation,  and  the  value  of  A  was  increased 
from  2891  to  2915,  or  about  0.87  per  cent  From  this  it  appears 
that,  if  he  had  not  multiphed  his  observations  by  these  arbitrary 
factors,  his  latest  results  would  have  b&n  about  0.87  per  cent 
lower  or  ^  "  2894,  which  is  practically  the  same  as  the  value  pre- 
viously obtained. 

The  writer  *•>  "  has  obtained  an  estimate  of  the  correction  to 
Paschen's  values,  and  the  conclusion  arrived  at  (loc.  dt.,"  p.  468) 
is  that  Paschen's  recent  determination  is  of  the  order  A  -  2894. 
This  is  close  to  the  earher  determination,  vl— 2891,  which  is  prob- 


□igitizedbyGoOglc 


C4M4  Constanis  of  Radiation  37 

ably  more  reliable  as  regards  the  temperature  scale.  In  other 
words,  Paschen's  original  data  fall  within  the  rai^  of  the  recent  and 
more  accurately  determined  values,  being  of  the  order  C™  14  360. 

(6)  Observations  of  Lummer  and  Pringsheim.''^''"'^ — Their  spec- 
tral radiation  measurements  were  made  on  porcelain  tube  radia- 
tors, described  in  the  first  part  of  this  paper.  The  radiator  was 
placed  directly  in  front  of  the  spectrometer  sht.  This  reduces  the 
length  of  air  path,  and  hence  the  absorption;  but  there  is  uncer- 
tainty in  keepmg  the  alignment,  especially  since  in  the  early 
designs  no  attempt  was  made  to  prevent  the  tube  from  saggti^- 

As  is  true  of  all  the  older  measurements  on  radiators,  operated, 
above  1200°  C,  the  temperature  scale  is  defective  (too  high)- 
giving  values  of  C,  which  are  too  high. 

The  values  of  the  constants  published  by  Lummer  and  Prii^- 
sheim  "  require  a  treatment  similar  to  that  just  given  to  Paschen's 
data.  They  used  the  earlier  indices  of  refraction  of  fluorite, 
published  by  Paschen  •*  in  1894,  which  are  in  error  in  wave 
lei^th  by  0.02^  for  the  region  of  1  to  2.5^.  Fortunately,  most 
of  their  values  of  Xn,  are  greater  than  2.5^,  and  no  correction  is 
required. 

In  their  first  investigation  a  series  of  four  spectral  energy  curves, 
observed  at  temperatmes  of  837  to  1416°  Abs,  gave  a  value  of 
A  -  2879"'. 

For  a  second  series  of  measurements,  they  inclosed  the  spectro- 
meter in  order  to  dry  the  air.  A  series  of  five  spectral  energy 
curves  observed  between  the  temperatures  of  814  and  1426°  Abs 
gave  a  value  of  j4  =  2876.  These  two  values  are  in  close  ^ree- 
ment  with  Paschen's  determinations  made  at  that  time.  They 
found  that  their  data  did  not  fit  the  Wien  equation,  and  this,  no 
doubt,  gave  impetus  to  the  formulation  of  the  Planck  equation. 
Suffice  it  to  say  that  their  data,  obtained  up  to  this  time,  if 
reduced  on  the  basis  of  the  Planck  factor  a  — 4.9651,  leads  to  a 
.  value  of  C  =  14  290, 

In  a  subsequent  investigation  ^*  the  radiator  was  heated  to  a 
much  higher  temperature,  to  1646°  Abs.  A  series  of  eight  iso- 
thermal spectral  energy  curves  gave  a  value  of  A" 2940  and  C - 
14  590.  In  view  of  the  fact  that  a  correction  of  about  0.02^ 
must  be  made  for  the  caUbration  at  1  to  2.$ii,  this  would  reduce 
thevalueof  C  by  2  per  cent  or  C— 14  310.  Althoi^h  the  appara- 
tus was  inclosed  in  order  to  remove  the  CO,  and  water  vapor, 
the  energy  curves  are  appreciably  affected  by  atmospheric 
absorption. 
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As  in  previous  work,  their  temperature  scale,  above  1000*  C, 
was  obtained  by  extrapolation.  Just  how  much  the  thermo- 
couple calibratiou  may  be  in  error  is  not  recorded.  In  a  subse- 
quent  paper*'  they  revised  the  temperature  scale  used  in  the 
previous  test  **  of  the  Stefan-Boltzmann,  fourth-power  law.  The 
revised  temperatures  are  10  to  12"  lower,  and,  at  the  highest  tem- 
peratures, they  are  20  to  25"  lower  than  previously  used. 
Whether  any  temperature  correction  of  this  magnitude  must  be 
made  to  the  spectral  radiation  data  is  not  stated;  though  the 
researches  on  the  gas  thermometer  by  Holbom  and  Day  '*  were 
then  in  prt^ress.  Suffice  it  to  say  that  although  their  later  value 
of  A=  2940  is  the  one  frequently  quoted  in  books,  none  of  the 
subsequent  investigators  have  found  a  value  of  A,  which  is 
within  15  per  cent  as  high  as  is  this  one. 

From  the  foregoing  consideration  of  the  data  obtained  by 
Ltumner  and  Pringsheim  it  appears  conservative  to  place  their 
value  at  C  =  14  300. 

(c)  Observations  of  Warburg  and  Collaborators.**  •*  " — During  the 
past  20  years  the  determination  of  the  constants  of  radiation  and 
their  appUcation  to  the  temperature  scale  has  been  relentlessly 
pursued  by  the  Phys.  Tech.  Reichsanstalt,"  at  Berlin. 

During  the  past  10  years  these  investigations  have  been  pur- 
sued by  Warbtu^  and  his  collaborators.  They  used  fluorite  and 
quartz  prisms  and  vacuum  radiators.  The  sodium  line  was  used 
as  a  zero  setting  of  the  spectrometer.  The  radiometer  was  a 
vacuum  bolometer,  which  was  operated  by  a  null  method.  In 
this  manner  the  galvanometer  acted  merely  as  an  indicator. 
The  temperature  fixed  points  were  the  melting  point  of  gold  and 
some  higher  temperature,  for  example,  melting  point  of  palladium. 

In  their  first  communicatioD ,"'  *'  they  reported  a  value  of 
C=<i4  570  on  the  basis  that  the  melting  point  of  palladium  is 
1549°  C.  On  the  other  hand,  if  the  higher  temperature  was  deter- 
mined radiometrically,  by  extrapolation  from  the  gold  point, 
using  the  Stefan-Boltzmann  law,  then  the  value  of  C  was  found 
to  be  smaller.  Hence,  they  rightly  questioned  the  gas-thermome- 
ter scale  and  proceeded  to  make  their  investigations  by  using 
the  radiation  laws  to  establish  their  scale  of  temperatures,  thus 
avoiding  the  scale  as  transferred  from  the  gas  thermometer  by 
means  of  thermocouples.  They  retained  only  one  temperature 
fixed  point,  viz,  gold  at  1064°  (later  1063°).  The  higher  tem- 
peratures (1400°)  were  determined  radiometrically.  For  this  pur- 
pose they  observed  the  position,  X„,  of  the  maximum  emission 
Em,  of  the  isothermal  spectral  energy  curve. 
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■  Usii^  Paschen's  refractive  indices  of  fluorite  and  Carvallo's  •• 
indices  of  quartz,  in  their  next  communication  ,••  they  report 
values  which  varied  from  C  -  14  200  to  14  600. 

Using  improved  methods  for  adjusting  the  sodium  lines  on  the 
bolometer  and  making  further  provision  so  that  radiation  emanating 
from  only  the  central  diaphragm  of  the  radiator  was  incident 
upon  the  bolometer,  in  the  next  report "  the  fluorite  prism  gave 
values  ranging  from  C-14  300  to  14  600  and  it  was  discarded. 
A  quartz  prism  gave  a  value  of  C  — 14  360. 

In  a  very  complete  investigation  *>  •'  they  repeated  the  previous 
work.  Using-  a  quartz  prism,  the  values  obtained  are  C  — 13 
27o±40  and  A^2Sg^±&,  for  the  temperature  interval  of  1337 
and  2238°  Abs. 

The  next  step  was  to  cut  a  prism  out  of  a  block  of  quartz,  of 
which  the  absorptivity  had  been  determined  previously.  With 
this  and  other  improvements,  including  different  radiators,  a 
value  of  C  ■■  14  250  was  obtained  "-  "  from  the  temperature  scale 
based  on  the  Stefan- Boltzmann  law  of  total  radiation  and  a  value 
of  C  =  1 4  300  or  1 4  400  was  obtained  by  using  the  Wien  displace- 
ment law  to  establish  the  temperature.  The  uncertainty  in  the 
value  of  C  =  14  300  or  14  400  is  owing  to  the  uncertainty  in  their 
calibration  curve  (refractive  indices)  of  the  quartz  prism. 

The  present  status  is  the  adoption  "  of  the  value  of  C  =  14  300 
and  the  melting  point  of  palladium  =  1 557°  C.  Subsequent 
investigations  "•  •'  appear  to  be  made  on  this  basis.  There  is  an 
uncertainty  of  perhaps  i "  in  the  temperature  scale  at  the  melting 
point  of  palladium,*'  and,  in  view  of  the  great  variations  in  the 
various  determinations  of  C,  it  was  perhaps  a  wise  decision  for 
Warburg  to  adopt  the  rounded  number  C  =  14  300  micron  degrees, 
for  the  spectral  radiation  constant ;  though,  as  we  shall  see  presently, 
theory  and  other  experimental  data  would  place  the  value  some- 
what higher. 

(d)  Observations  of  Cobleniz."'  "'  * — In  this  investigation  the 
spectrum  was  produced  by  means  of  a  mirror  spectrometer  and 
a  perfectly  clear  fluorite  prism.  In  the  first  work  an  air  bolom- 
eter, and  later  a  vacuum  bolometer  was  used  for  measuring  the 
partition  of  energy  in  the  spectrum.  The  radiator  was  a  porcelain 
tube,  wound  with  platinmn  ribbon,  through  which  electric  current 
was  passed.  It  was  operated  at  temperatures  ranging  from  450 
to  1506"  C.  Various  incidental  questions,  such  as  the  adjustments 
of  the  optical  parts  of  the  apparatus,  the  temperature  imiformity 
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and  control  of  radiator,  the  water-cooled  shutters,  the  temperature 
scale,  the  method  of  reduction  of  the  observations  to  the  normal 
spectrum,  the  proper  formulas  for  computing  the  numerical 
constants,  etc.,  were  invest^ated. 

The  first  paper  **  contains  also  data  on  various  subsidiary  prob- 
lems, such  as  (i)  the  variation  of  the  reflecting  power  of  silver 
with  angle  of  incidence  and  with  wave  length,  (2)  the  variation 
of  reflecting  power  of  fluorite  with  angle  of  ineidence  and  with 
wave  length  (refractive  index),  and  (3)  data  for  reducing  the 
observations  from  prismatic  to  normal  spectrum. 

From  the  very  beginning  of  this  investigation  on  black-body 
radiation  it  was  found  that  the  Wien  equation  did  not  fit  the 
spectral  energy  curves.  The  assumption  was,  therefore,  tenta- 
tively made  that  the  observed  curves  fit  the  Planck  equation; 
and,  at  the  completion  of  the  investigation,  this  was  found  to  be 
true  for  about  75  per  cent  of  all  the  observed  curves.  This  con- 
clusion was  based  upon  the  uniformity  of  the  values  of  X.,,  which 
resulted  from  computation  (by  the  method  of  equal  ordinates 
E\,  =£xi)  of  the  values  of  X,  and  X,  which  were  taken  far  apart, 
and  also  close  together  on  the  observed  isothermal  spectral  energy 
curve. 

The  observations  were  made  in  the  winter,  when  the  humidity 
was  low,  and  the  investigation  extended  over  four  winter  seasons. 
An  attempt  was  made  to  obtain  a  great  many  isothermal  spectral 
energy  curves,  so  as  to  avoid  the  personal  bias  which  can  enter 
the  working  over  of  a  few  curves.  It  now  seems  that  this  was 
probably  a  mistake;  for~no  attempt  could  be  made  to  correct  the 
observations  for  small  changes  in  temperature  of  the  radiator  and 
small  variations  in  sensitivity  of  the  vacuum  bolometer. 

In  the  meantime,  owing  to  impairment  of  eyesight,  the  reduc- 
tion of  the  data  had  to  be  intrusted  to  others  who  were  not  familiar 
with  the  work.  The  first  calculation  of  the  data  gave  a  value  of 
about  C  =  i4  350.  But  doubts  arose  concerning  the  calibration 
curve  of  the  prism.  A  new  calibration  curve  was  worked  out, 
using  Paschen's"  refractive  indices  (uncorrected  for  temperature) 
and  the  data  recalculated  and  published  as  being  C  =  i4  456. 

Data  were  obtained  also  with  a  fluorite  prism  Which  was 
full  of  cleavage  planes.  This  produced  much  scattered  radia- 
tion, which  distorted  the  energy  curves  at  4At  to  5^.  These 
data  were,  therefore,  not  used  in  the  final  calculatii;His.  (This 
explains  the  queries  by  Nemst  and  Wulf.'*) 
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In  the  meantime  Paschen  '•  published  further  data  on  the 
dispersion  of  fluorite,  which  indicated  that  the  cahbration  curve, 
and  hence  the  value  of  C  =  1 4  456,  was  wrong. 

In  the  earlier  work  the  temperature  scale  was  also  in  doubt. 
The  last  series  (191 2)  was  not  observed  at  temperatures  much 
above  1 200°  C  and  hence  is  quite  free  from  doubts  about  the 
temperature  scale. 

The  second  paper'*  on  this  subject,  therefore,  dealt  with  a 
recalculation  of  these  data,  usit^  a  revised  calibration  curve. 
The  mean  value  of  the  spectml  radiation  constant,  based  on  93 
spectral  energy  curves  (series  of  1912)  is  C  =  i4  353.  If  the  cor- 
rections to  the  temperatiue  scale  (mentioned  in  the  previous 
paper)  are  applied,  the  value  is  C=  14  362.  A  further  correction 
( =  +  7)  is  necessary,  because  in  the  second  term  of  the  equation 
used  for  calculating  the  data  the  value  C  =  t4  300  instead  of 
C  =  i4  350  was  employed.  Hence,  the  final  corrected  value,  as 
published  in  the  second  paper,  was  0  =  14369  and  A— 2894 
micron  degrees. 

In  order  to  obtain  a  check  on  the  methods  of  calculation  of  the 
constant  a  least  square  reduction  of  the  first  isothermal  curve  of 
the  series  of  1912  was  undertaken  by  Roeser."  He  obtained  a 
value  of  C  =  i4  342,  which  is  in  agreement  with  the  value  com- 
puted by  the  method  of  equal  ordinates,  viz,  C  =  1 4  339. 

Recently  a  further  examination  *  was  made  of  the  accuracy  of 
the  factors  used  in  converting  the  previously  observed  "*  prismatic 
spectral-energy  data  into  the  normal  energy  distribution.  The 
graphical  methods  previously  employed  were  checked,  and 
similar  factors  were  obtained  by  computation,  using  the  first 
differential  of  the  dispersion  formula,  which  best  represents  the 
observed  refractive  indices  of  fluorite.""  These  refractive 
indices  were  obtained  from  consideration  of  all  the  available 
data,  which  in  the  region  of  i  to  2fi  are  represented  by  the  curve 
published  by  Langley  and  Abbot.'  The  best  dispersion  formula 
is  that  of  Paschen.*"*  However,  owing  to  incompleteness  of  the 
formula,  the  graphical  method  was  found  to  be  just  as  accurate 
as  was  the  method  of  computation. 

The  conclusion*  arrived  at  was  that  the  spectral  radiation  con- 
stant, C  =  i4  353  micron  degrees,  determined  some  years  ago," 
remains  unchanged.  However,  at  that  writing  *  there  was  some 
doubt  as  to  whether  some  of  the  corrections  then  applied  shoidd 
have  been  made,  giving  a  value  of  C  =  i4  369;  that  is,  the  mean 
value  might  be  C  =  14  366. 
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Rather  curiously  and  unfortunately,  in  all  these  inquiries  into 
the  small  errors  that  eight  years  ago  were  considered  negligible 
the  one  concerning  the  zero  setting  has  remained  unconsidered 
until  now.  The  calculation  of  the  calibration  curve  was  based 
on  the  sodium  lines,  X-o.5893>(  for  a  reference  prant.  Subse- 
quently the  writer  adopted  the  then  novel  procedure  of  using  the 
yellow  helium  line,  X  =  o.58758^,  instead  of  the  sodium  lines  for 
adjusting  the  zero  setting  of  the  bolometer.  For  this  purpose 
the  refractive  index  rt  =  i.43  390  was  adopted.  Subsequently 
Paschen"  published  the  value  of  «"=i.433  907  (i7.°5  C)  for  the 
refractive  index  of  the  helium  line,  and  »  =  1.433  866  for  the 
sodium  Hnes.  He  observed  a  difference  of  12"  in  the  minimtmi 
deviation  settings  of  the  sodium  and  the  helium  lines. 

On  the  basis  of  the  new  value  of  the  refractive  index  of  fluorite 
for  the  yellow  helium  line,  n  =  i  .433  877  (at  20°  C) ,  there  is  a  differ- 
ence of  6"  between  the  newly  computed  (zero)  mJnimiun  devia- 
tion setting  of  the  spectrometer  circle  and  the  setting  used  in  this 
investigation  on  the  basis  of  «  =  i  .43  390.  As  a  result,  the  aver- 
age values  of  X™,  in  terms  of  the  spectrometer  circle,  must  be  re- 
duced by  6".  Since  the  wave  lengths,  X„,  occur  between  2fi 
and  3M  (and  the  majority  at  about  2.2^/)  the  6"  are  equivalent 
to  0.003M  to  o.oo4;i  in  this  part  of  the  spectrmn.  This  amounts 
to  a  reduction  of  the  previously  published  value  of  the  constant 
C  =  i4  369  by  0.3  to  0.4  per  cent,  giving  a  value  of  C  =  i4  311  to 
14  326- 

As  already  stated,  the  second  paper  '•  was  the  restdt  primarily 
of  a  revision  of  the  calibration  curve  of  the  fluorite  prism  used; 
and  it  is  unfortimate  that  at  that  time  the  above  application  of 
the  temperature  coefficient  of  the  refractive  index  of  the  helium 
line  was  overlooked. 

The  various  determinations  of  the  constant  of  spectral  radiation, 
C,  are  assembled  in  Table  2.  The  sixth  colimm  gives  the  probable 
value,  as  determined  from  consideration  of  the  data  in  the  text. 
The  mean  value  is  C  =  i4  320  micron  degrees.  The  latest  and 
most  reliable  determinations  of  the  national  laboratories  are  close 
to  this  value.  Unfortunately,  perhaps,  this  average  is  so 
close  to  the  theoretical  value  arrived  at  ftt>m  consideration  of 
photo-electrical  and  similarly  related  phenomena  that  experi- 
menters may  consider  their  task  finished,  instead  of  just  begun. 
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V.  VERIFICATION   OF   THE   LAWS    OF   RADIATION 

In  the  foregoing  pages  an  inquiry  was  made  into  the  instruments 
and  methods  used  in,  and  the  numerical  values  of,  various  determi- 
natioDS  of  the  constants  of  radiation. 

The  various  methods  are  classilied,  and  a  brief  description  is 
given  of  each  research.  An  attempt  is  made  to  indicate  the  good 
and  the  defective  features  in  each  research.  This  represents  not 
only  the  writer's  opinions,  but  also  those  of  other  experimenters. 

It  is  shown  that  the  great  variation  in  the  various  determina- 
tions of  the  numerical  values  of  the  constants,  especially  the  con- 
stant of  total  radiation,  is  owing  mainly  to  the  fact  that,  in  the 
originaJ.  papers,  no  corrections  were  made  for  atmosphere  absorp- 
tion of  radiation  in  its  passage  from  the  radiator  to  the  receivor. 

In  this  paper  conservative  corrections  for  atmospheric  absorp- 
tion are  applied  to  the  various  determinations,  to  which  such  cor- 
rections had  not  been  made.  As  a  result,  instead  of  wide  varia,- 
tions  in  the  various  determinations,  which  are  free  from  other 
obvious  defects,  there  is  a  remarkably  close  agreement  among  the 
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various  numerical  values.  While  it  can  not  be  said  that  the  true 
numerical  values  are  exactly  as  here  recorded,  obviously  the  time 
is  past  when  the  value  of  the  constants  of  radiation  are  swayed  by  a 
single,  and  perhaps  novel,  method  of  research.  The  best  that  an 
experimenter  should  expect  is  that  his  own  little  contribution  to 
the  subject  may  have  sufScient  merit  to  go  into  the  meltit^  pot 
with  the  other  determinations. 

1.  THE  FORMULA  AUD  THE  COBFFICmnT  OP  TOTAL  RADUTIDN 

In  the  foregoing  review  the  data  are  assembled  and  the  evidence 
weighed  pro  and  con.  It  is  shown  from  various  experiments  that, 
beyond  all  reasonable  doubt,  the  total  radiation  emitted  from  a 
uniformly  heated  inclosure  is  proportional  to  the  fourth  power  of 
the  absolute  temperattu% — the  so-called  Stefan-Boltzmann  law. 
Furthermore,  the  tabulated  data  show  that  the  numerical  values 
of  the  majority  of  the  various  determinations  of  the  coefiSdent  a, 
which  enters  into  the  mathematical  formula  of  total  radiation, 
range  about  the  value,  (r-s.yx  lo^'erg  cm"*  sec."'  deg."'  The 
average  of  12  of  the  most  reliable  determinations  is  ^"5.72  to 
5.73X  lo-'erg  cm"'  sec."'  deg."* 

2.  THE  FORMULA  AND  THE  COITSTAHT  OF  SPECTRAL  RADIATION 

Experimental  evidence  is  cited  showing  that  throughout  the 
spectrum  from  0.5^  to  50^  Planck's  formula  fits  the  observed 
spectral-energy  distribution  more  closely  than  any  other  equation 
yet  proposed.  This  formida  is  based  upon  theoretical  principles, 
and  after  two  decades  of  discussion  it  remains  imchanged. 

The  constant  C,  which  determines  the  shape  of  the  spectral 
enetgy  curve,  has  been  the  subject  of  numerous  investigations. 
The  numerical  value  of  C  has  fluctuated  greatly  in  the  various 
determinations.  In  the  foregoing  pages  it  is  shown  that  this  is 
owing  to  experimental  difficulties,  such  as,  for  example,  lack  of 
precise  knowledge  of  the  temperatine  scale  and  of  the  refractive 
indices  of  the  prisms  used.  The  tabulated  data  show  that  the 
various  determinations  of  the  constant  of  spectral  radiation  are 
of  the  order  of  C~i4  300  to  14  350  with  a  mean  value  of  C  = 
14  320  micron  degrees. 

3.  COITFIRHATORT  SVIDEHCB 

One  of  the  most  interesting  phases  of  the  inquiry  into  the  laws 
and  constants  of  radiation  is  the  confirmatory  data  which  one 
obtains  froiri  a  consideration  of  the  interrelated  phenomena  of 
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atomic  structiffe,  of  X  rays,  of  ionization  and  resonance  poten- 
tial, and  of  photo-electrical  action.  From  these  data,  as  well  as 
from  the  foregoing  data  on  the  two  constants  of  radiation,  one 
can  compute  the  value  of  Planck's  element  of  action,  h.  This 
gives  seven  independent  methods  of  determimng  the  universal 
constant,  h.  Or,  from  any  one  of  four  of  these  methods  one  can 
calculate  •"'  '•••  *"•'  the  radiation  constants,  and  it  seems  truly 
remarkable  how  close  is  the  agreement  with  the  observed  values. 

For  example,  the  writer's*  value  of  the  coefficient  of  total 
radiation,  discussed  on  a  preceding  page,  is  v  — (5.72  ±0.012)  x 
lo"*  erg  cm"*  sec."*  deg."*  This  indicates'"  a  value  of  C—14320 
micron  degrees  and  a  value  of  A -=6.55  x  lO^  erg  sec.  The  value 
of  A,  determined  by  Blake  and  Duane,  "•  by  X  rays,  is  A  =  6.555  x 
ID"*'  erg  sec.,  or  an  indicated  value  of  C  —  14  330  rnicron  degrees, 
which  is  close  to  experimental  determinations  of  this  ctmstant. 
(See  Table  2.) 

Again,  starting  with  Warburg's  value  of  C  — 14  300,  the  corre- 
sponding value  of  the  coefficient  of  total  radiation  is  ir  =  ^.y^, 
which  is  the  higher  estimated  limit  of  the  average  of  1 2  different 
deteiteinations  of  this  constant,  see  Table  i .  Hennig,'°*  on  the 
basis  of  Sommerfeld's  theory,  the  measurement  of  spectral  lines 
and  the  value  of  the  electron,  obtains  C  =  i4  320  and  ff  =  5717. 

In  summing  up  the  evidence,  it  is  of  interest  to  include  Birge's'** 
comprehensive  and  exact  calculations  of  the  constant  h.  In 
these  calculations  he,  of  course,  assumes  the  truth  of;  (i)  Lewis 
and  Adams's  **  theory  of  ultimate  rational  units;  (2)  of  the  rela- 
tion between  C,  a,  and  h,  as  given  by  Planck's  radiation  formula; 
(3)  of  the  quantum  relation  as  applied  to  X-ray  data;""  (4)  of 
Einstein's  photo-electric  equation;  (5)  of  Bohr's  theory  of  atomic 
structure;  and  (6)  of  the  quantum  relation  as  applied  to  ioniza- 
tion and  resonance  potentials. 

In  this  manner  he  obtains  seven  sq>arate  calculations  of  Planck's 
constant  of  action,  h,  the  mean  value  of  which,  as  shown  in  Table 
3,  is  fe-6.5543Xio-"  erg  sec. 

This  is  close  to  the  average  of  the  valtie  of  h,  which  results  from 
conaderation  of  the  two  radiation  constants. 

From  this  calcidation  and  intercomparison  by  Birge'**  of  the 
data  on  C,  0-,  and  h,  as  determined  by  thermal  radiometric,  photo- 
electric, X  rays,  and  ionization  potential  measurements,  it  ap- 
pears that  the  value  of  ft,  computed  from  radiometric  data,  com- 
pares very  favorably  with  that  obtained  by  more  direct  measure- 
ment    In  other  words,  it  appears  to  prove  the  validity  of  laws  of 
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radiation and  to  establish  the  level  of  the  numerical  values  of  the 
constants  entering  therein. 

TABLE  3.— Blrge'a  ■<»  CalcobtiOD  of  Pluck's  UnintBal  Constuit  h  bf  Various 
Medioda 


Valna  of  k 

HMIwd 

«.™» 

i.aiia.<m 

S.7J 

TdM  ndUVo. 

6.S«±I1011 

aiB6 

tHSittOM 

QmDtamnMka. 

TtaMCT  ol  L«wta  ud  AdanM. 

(lSM    0.014 

6.S79±a021 

The  outstanding  disagreement  between  all  the  observed  and 
computed  data  appears  to  be  of  the  order  of  i  to  3  parts  in  1000, 
whatever  the  method  of  experimentation.  This  is  a  veiy  close 
agreement,  considerii^  the  variety  of  the  data  and  the  difficulties 
involved  in  making  the  experiments,  which  seems  to  indicate 
something  more  than  a  fortuitous  relation  between  properties  of 
matter. 

In  conclusion  it  may  be  added  that,  to  a  close  approximation, 
we  have  the  following  constants: 

A  =XdiT  =  2885  micron  degrees. 
C  =  14  320  micron  degrees, 
ff  =  5.72  X  lO"*  erg  cm"*  sec."'  deg."* 
h  =6.554X10""  erg  sec. 
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RECENT  MODinCATIONS  IN  THE  CONSTRUCTION  OF 
PLATINUM  RESISTANCE  THERMOMETERS 


By  T.  S.  Sligh.  Jr. 


ABSTRACT 

After  a  brief  rtaamt  at  some  phaaes  of  platmum  resistance  theraumetry  a  descrip- 
tioii  is  givea  of  some  recent  modificatioas  in  the  construction  of  resistance  thermom- 
eters as  r^aids  the  heada,  leads,  terminals,  and  sealing  of  the  strain-free  type.  The 
elimination  of  the  drying  head  and  the  use  of  an  all-metal  case  with  the  cakximetric 
type  of  resistance  tbemnHneter  are  also  discussed.  The  necessity  for  relieving  strains 
in  the  winding  (tf  the  latter  type  is  shonn,  and  means  of  accomplishing  this  are  pointed 

Some  practical  notes  retarding  the  construction  of  resistance  thermometcis  and  a 
description  of  the  ccostructioD  of  a  convenient  and  effective  form  of  laboratory  heating 
coil  are^ven. 
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1.  INTRODUCTION 

Dtiring  the  past  six  or  eight  years  in  the  process  of  testing  com- 
mercial thermometers  and  constructing  thennometers  for  use  at 
this  Bureau  a  number  of  modifications  in  the  construction  of 
resistance  thermometers  have  been  made.  Some  of  these  are 
desirable  on  accotmt  of  the  accuracy  to  be  gained,  others  for  the 
simplification  of  construction,  increased  mechanical  strength,  etc. 
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It  now  seems  well  to  describe  these  modifications  representing 
the  present  practice  of  this  Bureau,  indicating  the  reasons  for 
stich  changes  as  have  been  made  from  former  in'actice.  However, 
extended  experimental  evidence  is  beyond  the  scope  of  this  paper 
and  will  not  be  dealt  with  here  as  such. 

2.  HISTORICAL 

Since  the  failure  of  the  original  proposal  of  Siemens  '  of  a  plati- 
num resistance  thermometer  having  the  coil  wound  on  a  clay 
cylinder  and  protected  by  an  iron  tube,  nearly  all  successful  forms 
of  resistance  thermometers  have  been  constructed  with  the  coil 
woimd  on  mica,  as  proposed  by  Callendar,*  with  a  protecting  tube 
of  glass,  porcelain,  or  quartz.  Heraeus  introduced  a  thermometer 
in  which  the  winding  is  sealed  into  qtiartz,  but  this  form,  although 
used  with  some  success  for  industrial  work,  is  not  fitted  for  exact 
work  on  account  of  its  tmstable  resistance,  naturally  resulting 
from  the  stress  to  which  the  windit^  must  be  subjected.  Jaeger 
and  von  Steinwehr  '  have  described  a  thermometer  consisting  of  a 
silk  insulated  wire  protected  by  a  metal  capillary  tube,  but  this 
thermometer  exhibited  thermal  after  effects  similar  to  those 
shown  by  the  mercury-in-glass  thermometer.  Numerous  forms 
of  thermometers  have  been  made  in  which  glass  and  other  materials 
were  used  to  support  and  insulate  the  winding,  notably  by  E.  H. 
Griffiths.*  None  of  these  forms,  with  the  exception  of  the  Callen- 
dar mica  cross,  have  come  into  general  use.  Dickinson  and 
Mueller  *  described  a  calorimetric  platinum  resistance  thermometer 
ID  which  the  wire  was  wound  on  a  strip  of  mica  which  was  inclosed 
in  a  fiat  closely  fitting  metal  sheath  between  thin  plates  of  mica. 

Three  methods  of  compensating  fco:  or  eliminating  the  effects  of 
the  resistance  of  the  thermometer  leads  and  terminal  contacts 
which  have  been  in  general  use  are  the  Siemens  three-lead  method, 
the  Callendar  compensating-loop  method,  and  the  potential-termi- 
nal method.  Measurements  with  the  last-named  method  may 
be  made  by  the  use  of  a  potentiometer  and  current-measuring 
shimt,  a  Thompson  bridge,  by  the  Kohlrausch  differential  gal- 
vanometer method,  or  by  the  use  of  a  Wheatstone  bridge "  and 
reversing  commutator,  as  is  the  practice  at  this  Bureau.     Measure- 

'  Proc.  Roy.  Soc.  1»,  p.  jji:  iB7>. 
<  FbiL  Mm-.  ■!.  D.  i<m:  itoi. 
■  Z>.  (ill  Inllrk..  IS,  p.  ajr.  i9a«. 
•  PhU.  Truu..  A.  ISt,  pp.  u-in  i^f- 
'  B.  S,  BuUetin,  *.  p.  ^i:  igij.    B,  S.  Sd.  Papen.  No.  iso. 
<B.  P.  MucUa,  B.  S.  BdU..  It,  p.  str.  i9'7- 


Digitized  byGoOgIc 


siigk]  Resistance  Thermometer  Construction  5 1 

ments  of  the  resistance  of  a  potential-terminal  thennometer  by 
any  of  these  methods  are  independent  of  the  lead  and  terminal- 
contact  resistances,  while  the  indications  of  the  three-lead  and 
compensating-loop  thermometers  are  not  wholly  independent  of 
these  resistances. 

3.  RESISTANCE  TEBfPERATDItE  RELATIONS 

As  the  result  of  the  large  amount  of  experimental  work  which 
has  been  done  with  the  platinum  resistance  thermometer  since 
the  appearance  of  Callendar's  raiginal  work  '  it  is  known  that  in 
the  interval  —  40°  to  1 100°  C  the  relation  between  the  resistance, 
R,  and  the  temperature,  t,  of  a  platinum  resistance  thermometer 
can  be  very  accurately  represented  by  a  parabolic  eqtiation  of  the 
form 

i?-ifB(r+«/-(-)3('). 

For  purposes  of  computation  this  may  be  put  in  the  more  con- 
venient form  proposed  by  Callendar,  which  involves  the  use  of 
two  formulas,  one  of  which  introduces  the  very  convenient  concept 
of  platinum  temperatures  {pi)  which  are  related  to  resistances  by 
the  equation  ' 

Rr-R^ 


pt-'IQO- 


F  I 


api 


where  Rt  is  the  resistance  of  the  thermometer  at  /"  C,  Ro  is  the 
resistance  at  0°  C,  and  FI,  the  fundamental  interval,  is  R,m~Ro- 
Thus  the  platinum  temperature  is  a  linear  function  of  the  resist- 
ance cf  the  thermometer. 

The  fundamental  coefficient,  c,  of  the  thermometer  wire  is 
defined  by  the  relation 

_R,^-R. 

^     iooie„ 

id  fiftTves,  as  explained  below,  as  a  criterion  of  the  purity  of  the 
I^m. 

the  reduction  of  platinum  temperatures  to  °C  use  is  made 
oldifference  formula  /-f/'=5(i -(/ioo)(/ioo  where  S  is  a 
c^t  of  the  thermometer  wire  and  is  determined  by  a  measure- 
t4  resistance  at  some  temperature  in  addition  to  0°  C  or 
I C  Where  the  construction  of  the  thermometer  permits  the 
twjpoint  of  sulphur  {SBP  =  444.6°  C)  is  used  for  the  deter- 
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niination  of  h.     The  Caltendar  formulas  are  reducible  to  the  form 
Rt  =  Ra{.\  +a:(  +  BC)  by  means  of  the  relations, 


«-<-i^) 


andB-j^., 


where  the  symbols  have  the  meanings  stated  previously. 

The  scale  of  temperature  defined  by  a  thermometer  of  pure 
platinum  calibrated  at  the  ice  point,  the  steam  point,  and  the 
sulphur  boiling  point  has  been  adopted  as  the  standard  scale  in 
the  interval  —40°  C  to  450°  C.  Even  at  temperatures  up  to 
1 100°  C  this  scale  is  found  to  agree  with  the  thermodynamic  scale 
of  temperature  to  the  accuracy  with  which  that  scale  can  be  real- 
ized by  the  use  of  the  gas  thermometer. 

Pure  platinum  has  a  fundamental  coefficient,  c— 0.0039 +  ,  and 
a  delta  value,  5  =  1,5-.  Th^  impurities  usually  associated  with 
platinum  tend  to  lower  the  value  of  c  and  to  increase  the  value 
of  the  SBP  5.  Further,  thermometers  of  impure  platinum  when 
calibrated  in  the  usual  manner  have  been  found  to  define  a  tem- 
perature scale  which  differs  somewhat  from  the  standard  scale.' 

The  several  national  laboratories  which  use  the  platinum 
resistance  thermometer  to  define  the  standard  scale  in  the  inter- 
val —  40°  C  to  450°  C  are  in  agreement  in  specifying  that  the 
purity  of  the  platinum  employed  for  thermometer  construction  is 
determined  by  the  mean  temperature  coefficient  of  resistance  in 
the  interval  o  to  100"  C,  which  coefficient  should  not  be  less  than 
0.00388,  and  by  the  value  of  the  constant,  6,  in  the  Caltendar 
difference  formula,  which  value '  should  not  be  greater  than  1.52. 
These  specifications  should  be  understood  to  refer  to  wire  which 
is  pure,  perfectly  annealed,  and  free  from  strain.  Some  experi- 
mental work  now  nearing  completion  at  this  Bureau  indicates 
that  strain  may  affect  the  constants  of  thermometer  wire,  the 
effect  being  a  lowering  of  the  fundamental  coefficient  and  also  a 
lowering  of  the  value  of  5.  Furthermore,  there  is  som^25'"^S|» 
that  a  thermometer  wound  of  pure  platinum  wire  in  ined  >^_ 

condition  does  not  define  exactly  the  same  scale  as  dother- 
mometer  wound  of  the  same  wire  free  from  strain,  tJ  the 
difference  is  negligible  in  the  range  o  to  1 00°  C  for  theaters 
which  by  comparison  with  a  strain-free  standard  at  30IOW  a 
5  not  less  than  i  .47.  These  recent  findings  have  a  beUpon 
some  modifications  in  the  construction  of  calorinietrictance 
thermometers,  which  will  be  discussed  later  in  this  p 

'  Woidaer  txA  Buftfsi.  B.  S.  Bull.  •.  p.  ijg.  iioi. 
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4.  SnUIN-FRBE  THERMOHETERS 

During  the  progress  of  some  earlier  work  at  this  Bureau  the 
accuracy  attainable  at  high  temperatures  was  limited  by  the 
fact  that  the  constants  of  the  thermometers  used  were  changed  by 
exposure  to  such  temperatures.  These  changes  were  attributed 
to  possible  contamination  of  the  thermometer  wire  by  the  hot 
mica  and  to  the  straining  of  the  wire  due  to  changes  in  volume  of 
the  mica  supports;  accordingly  a  mounting  was  devised  (£,  Figs. 
I  and  2) ,  which  supported  the  winding  in  such  a  manner  as  to 
give  a  minimum  of  contact  with  the  mica  form  and  to  preclude 
the  setting  up  of  strains  in  the  winding  due  to  swelling  of  the 
mica. 

For  this  strain-free  mounting  two  rows  of  holes  spaced  0.6  mm 
from  center  to  center  are  drilled  or  punched  about  0.5  mm  from 
the  edges  of  a  strip  or  core  of  mica  (a,  Fig.  2)  8  mm  wide  and  o.i 
mm  thick.  A  similar  row  of  holes  is  pimched  in  each  of  two 
mica  strips  or  fins  (&,  Fig.  2)  2  mm  wide  by  o.i  mm  thick.  This 
core,  with  the  fins  lined  up  with  the  holes  in  its  edges,  is  clamped 
between  the  two  halves  of  a  split  mandrel  (C,  Fig.  i)  7  mm  in 
diameter,  and  the  winding  is  passed  around  the  mandrel  and 
through  the  holes.  When  the  winding  is  completed  the  mandrel 
is  careftjlly  removed  and  the  fins  displaced  through  90"  so  as  to 
space  the  winding. 

A  simpler  strain-free  mounting  which  is  probably  as  effective 
as  the  above  was  proposed  by  H.  C.  Dickinson  of  this  Bureau  in 
1916  and  has  since  been  used  by  one  of  the  manufacturers  of 
resistance  thermometers  in  this  country.  This  construction 
makes  use  of  the  mica  cross  as  in  the  Callendar  mounting  but 
substitutes  deep  narrow  slots  for  the  V-shaped  notches  for  the 
winding.  The  winding  is  put  on  over  a  quartered  mandrel  whose 
diameter  is  slightly  greater  than  the  root  diameter  of  the  slots. 

A  modification  of  this  mounting  which  would  seem  to  line  the 
coil  up  better  consists  in  cutting  the  slots  in  one  arm  of  the  cross 
Vith  a  root  diameter  equal  to  the  diameter  of  the  mandrel  and  the 
slots  in  the  other  arm  a  few  tenths  of  a  millimeter  deeper.  Thus 
when  the  winding  is  put  on  and  the  ftiandrel  removed  the  wire  is 
supported  on  the  bottoms  of  the  shallower  slots  and  on  the  edges 
of  the  deeper  ones. 

After  the  winding  is  put  on  the  mounting,  the  short  platinum 
leads  (the  branch  terminals)  are  passed  through  small  holes  in  the 
upper  end  of  the  mica  core  and  are  arc-welded  to  the  ends  of  the 
gold  internal  leads,  which  are  anchored  through  holes  in  two  short 
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strips  of  mica.  These  lead  anchorages  are  secured  to  the  core  by 
two  small  platinmn  clamps  (c,  Fig.  2).  The  gold  leads  are  insu- 
lated from  each  other  for  about  lo  cm  above  the  thermometer 
"bulb"  by  mica  washers  («,  Fig.  2)  spaced  5  mm  apart  and  only 
a  trifle  smaller  in  diameter  than  the  tube  into  which  the  thermo- 
meter is  to  be  placed.  These  washers  serve  to  reduce  the  convec- 
tion currents  in  the  thermometer  tube  which  would  tend  to  lower 
the  temperature  of  the  thermometer  when  used  in  a  hot  bath. 
The  mica  washers  are  punched  from  o.i  mm  mica,  and  four  small 
holes  are  punched  for  the  leads.  Two  of  these  holes,  opposites, 
are  spaced  about  half  as  far  from  the  center  of  the  washer  as  are 
the  other  two  holes.  The  washers  are  put  on  the  leads  staggered, 
that  is,  a  given  lead  wilt  be  passed  throi^h  one  of  the  inner  holes 
in  one  washer  and  through  an  outer  hole  in  the  next,  etc.,  thus 
putting  a  slight  bend  in  the  lead  at  each  washer  which  serves  to 
keep  the  washers  spaced.  (This  method  of  punching  and  mount- 
ing the  washers  was  devised  by  H.  K.  Griffin  of  this  Bureau.) 
Glass  capillary  tubes  {p.  Fig.  i)  serve  to  insulate  the  remainder  of 
the  internal  leads. 

The  thermometer  with  its  leads  is  now  slipped  into  a  closely 
fitting  glass,  porcelain,  or  quartz  tube,  and  the  leads  are  brought 
out  of  the  tube  around  a  small  glass  evacuating  tube  (/,  Fig.  i) 
which  is  then  cemented  in  place  with  De  Khotinsky  cement.  The 
thermometer  is  thoroughly  dried  by  evacuating  and  washing  out 
the  tube  with  air  which  has  been  passed  through  a  drying  tube, 
and  the  evacuating  tube  is  sealed  ofE  with  dry  air  in  the  ther- 
mometer tube,  or  with  hydrogen  if  the  thermometer  is  to  be  used 
at  very  low  temperatures. 

A  winding  of  this  type  of  0.1  mm  wire  will  dissipate  the  heat 
generated  by  a  current  "of  1.5  milliamperes  in  the  winding  with 
a  temperature  rise  of  about  0,001 "  C. 

The  head,  the  construction  of  which  is  shown  in  Fig.  i ,  is  slipped 
onto  the  tube  from  the  bottom,  and  is  cemented  or  secured  to  the 
tube  by  a  wrapping  of  shellacked  silk  thread  ig,  Fig.  i).  This 
latter  method  permits  of  easy  removal  of  the  head.  The  internal 
leads  are  now  arc-fused  to  short  gold  wires  which  have  been 
silver-soldered  to  the  copper  studs  in  the  thermometer  head.  The 
flexible  leads  {J,  Fig.  i),  which  are  soft-soldered  to  the  terminal 
studs,  consist  of  four  strands  insulated  and  covered  with  a  braid, 
each  strand  consisting  of  three  No.  28  enameled  copper  wires 
double-silk  covered,  twisted  together,  and  again  double-silk 
,  covered.     This  lead  was  designed  to  eliminate  the  variable  lead 
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resistance  so  often  experienced  with  lamp-cord  flexibles  due  to  the 
slip  resistance  of  one  or  more  strands  which  have  become  broken 
or  were  not  originally  properly  soldered  to  the  terminals. 

The  light  copper,  terminals  (k,  Fig.  1)  are  cut  from  0,2  mm  sheet 
copper,  and  owing  to  their  small  heat  capacity  and  good  thermal 
conductivity,  tend  to  minimize  troublesome  thermal  electron^otive 
■forces  at  the  commutator  or  bridge  terminals.  A  thin  gold  plating 
will  prevent  oxidation  and  insure  good  electrical  contact  at  the 
binding  posts. 

S.  CALORIMETRIC  THERHOMBTBRS 

This  type  of  thermometer  was  developed  at  this  Bureau  by 
Dickinson  and  Mueller."'  A  detailed  description  of  the  original 
construction  is  given  in  the  reference  cited. 

Since  the  construction  of  the  commercial  form  (G,  Fig.  i)  of 
these  thermometers  precludes  their  use  at  temperatures  above 
about  150"  C,  it  has  been  the  practice  at  this  Bureau  to  calibrate 
them  by  observations  in  ice  and  in  steam  and  to  determine  their 
delta  by  comparison  at  30°  C  with  a  strain-b-ee  thermometer 
which  had  been  calibrated  at  ice,  steam,  and  at  the  SBP. 

These  thermometers  showed  values  of  S  of  about  1.47  both 
when  calibrated  against  the  strain-free  thermometers  and  against 
the  verre-dur  mercury-in-glass  standards  of  the  Bureau.  Later 
some  thermometers  of  the  calorimetric  type  (F,  Fig.  i)  were  con- 
structed with  platiniun  sheaths  sealed  to  long  glass  stems  and  were 
calibrated  at  ice,  steam,  and  at  the  SPB.  These  thermometers 
were  then  compared  with  the  strain-free  thermometers  at  lower 
temperatures  and  the  results  previously  mentioned;  that  is,  the 
lowering  of  the  i  value  by  mechanical  strain,  were  arrived  at. 
This  led  to  the  construction  of  coils  very  loosely  wound  on  thick 
(0.5  mm)  mica  cores,  thoroughly  amiealed  before  and  after  winding 
by  passing  an  electric  current  through  the  wires.  These  coils 
were  placed  in  sheaths  which  were  hghtly  flattened  down  on 
the  windings  and  fused  at  the  bottoms.  The  thermometers  were 
then  annealed  by  flashing  the  coils  on  a  voltage  of  120-150  volts, 
care  being  taken  not  to  overheat  the  mica.  ,  (The  temperature  of 
the  wire  calculated  from  voltmeter  and  ammeter  readings  was 
about  1000°  C.)  These  thermometers  were  then  finished  as  de- 
scribed for  the  strain-free  type.' 

Thermometers  so  constructed,  with  special  care  taken  both  to 
avoid  the  introduction  of  strains  in  construction  and  to  anneal 
the  thermometer  thoroughly  after  incasing,  compare  very  favor- 


1;  B.  S.  Sd.  Papeti,  No.  an. 


Digitized  byGoOgle 


56  Scientific  Papers  of  the  Bureau  of  Standards  ivai.  it 

ably  with  the  strain-free  type,  showing  a  value  of  8  which  ap- 
proaches 1.49.  Further,  the  temperature  scale  defined  by  these 
thermometers  is,  within  the  limits  of  accuracy  of  the  comparison 
of  platinum  resistance  thermometers,  identical  with  that  defined 
by  the  strain-fc^e  type  thermometers. 

(o)  Drying  Head, — The  glass  drying  head  (i,  Fig.  1)  used  on 
the  original  calorimetric  type  of  thermometers  has  been  eliminated 
in  this  latter  design  because  it  has  now  been  foimd  easy  to  seciue 
tubing  for  the  sheaths  which  is  free  from  flaws,  and  the  technique 
of  construction  has  been  developed  to  a  point  where  the  joints 
can  be  made  permanently  tight  and  the  thermometer  and  case 
thoroughly  dried  before  sealing'. 

(6)  All-Metal  Case. — ^With  the  elimination  of  the  drying  head 
it  seemed  worth  while  to  go  a  step  further  toward  a  robust  con- 
struction by  eliminating  the  glass  stem  between  the  sheath  and 
the  thermometer  head.  German  silver  was  selected  for  the  sheath 
(/,  Fig.  i)  on  account  of  its  low  thermal  conductivity,  its  freedom 
from  excessive  oxidation,  and  its  availability  in  the  desired  form. 
It  is  evident  that  any  metal  of  low  thermal  conductivity,  if  not 
subject  to  corrosion,  could  be  used.  As  a  matter  of  fact  there  are 
several  such  metals  which  are  superior  to  German  silver  in  some 
respects,  but  they  are  not  at  present  available  ia  the  form  of  thin- 
walled  tubing.  For  use  in  chemical  reagents  the  sheath  could 
well  be  made  of  platinum  or  some  of  its  alloys,  the  latter  having 
in  general  the  advantages  of  greater  stiffness  and  lower  thermal 
conductivity. 

The  case  is  made  of  tubing  30  cm  long  by  0.75  cm  diameter  by 
0.02  cm  thick,  flattened  over  a  brass  strip  or  form  o.i  cm  thick 
for  a  length  of  about  15  cm.  The  coil,  head,  and  external  leads 
are  as  described  above. 

The  internal  leads  consist  of  four  No.  30  copper  wires  with  silk 
and  enameled  insulation;  these  are  stripped  of  insulation  for  about 
4  cm  of  their  length  and  rolled  to  a  width  of  i  mm.  To  these 
flattened  ends  short  lengths  (5  mm)  of  gold  wire  are  silver  soldered, 
and  this  wire  is  arc  soldered  to  the  ends  of  the  winding.  The 
flattened  portions  of  the  leads  are  laid  between  thin  strips  of  mica 
and  fastened  by  clamps  (M,  Fig.  2)  to  the  mica  core  and  the  mica 
side  plates,  and  the  coil  is  slipped  into  the  sheath  from  the  bottom; 
the  insulated  ends  of  the  leads  are  cabled  and  led  out  of  the  end 
of  the  tube  through  a  collar  of  bakelite  and  aroimd  a  glass  evacu- 
ating tube  as  in  the  strain-free  construction  (/,  Fig.  i).  The 
sheath  is  now  flattened  down  lightly  on  the  coil  and  on  the  mica- 
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covered  portion  cf  the  leads  and  the  end  of  the  sheath  silver 
soldered.  This  soldering  may  be  accomplished  without  injury  to 
the  mica  if  the  core  terminates  about  8  mm  above  the  bottom 
of  the  sheath,  and  the  sheath  is  clamped  lightly  in  a  vise  at  this 
point  to  conduct  the  heat  from  the  winding. 

The  winding  is  again  flashed  as  described  above.  The  evacu- 
ating tube  is  then  plugged  temporarily  with  cement,  and  the 
thermometer  immersed  in  a  tube  of  water  from  the  surface  of  which 
thg  atmospheric  presst^e  is  removed  by  a  suction  pump.  Any 
leaks  can  then  be  located  by  means  of  the  air  bubbles'whtch  will 
form.  If  the  thermometer  is  tight  the  evacuation  tube  is  sealed 
off,  and  the  thermometer  tube  is  fitted  to  the  head,  secured  with 
a  small  set  screw,  and  the  internal  and  external  leads  soldered  to 
the  terminal  studs-. 

It  has  been  found  that  no  effect  of  stem  conduction  can  be 
detected  when  the  thermometer  bulb  is  immersed  in  the  ice  bath 
to  a  point  a  little  above  the  flattened  portion.  This  immersion  is 
about  that  required  for  the  glass-stem  type.  The  same  immersion 
appears  sufficient  in  the  steam  bath. 

(c).  Lag.— The  use  of  thicker  core  plates  and  %hter  sheath 
pressures  together  with  the  all-metal  case  entails  some  sacrifice  as 
regards  rapidity  of  action;  that  is,  the  lag  of  the  thermometer 
is  increased,  and  the  current-carrying  capacity  for  a  given  tem- 
perature rise  is  slightly  reduced.  However,  the  sacrifice  is  slight, 
as  the  lag  of  the  thermometers  tested  including  the  lag  of  the 
galvanometer  (period  5  seconds)  has  been  found  to  be  between 
2.5  and  3.5  seconds  in  the  ice  bath.  By  lag  is  meant  the  number 
of  seconds  required  for  the  temperature  difference  between  the 
thermometer  and  the  bath  to  be  reduced  to  i/e  of  its  initial  value. 
The  lag  could  be  reduced  somewhat  by  reducing  the  amount  of 
metal  in  the  case,  or  by  making  the  stem  of  a  low-conductivity 
metal  and -the  sheath  of  a  high-conductivity  metal,  such  as  copper 
or  silver.  However,  since  lags  of  the  magnitude  encoimtered 
introduce  no  complications  in  the  use  of  these  thermometers  for 
the  service  for  which  they  are  designed,  the  slight  possible  gain 
due  to  the  changes  mentioned  has  not  appeared  to  be  worth  the 
additional  complication  of  construction. 

e.   MATERIALS  AND  METHODS  FOR  THERMOMETER  CONSTRUCTION 

(o)  Thermometer  Wire. — ^Thermometer  wire  should  be  of  the 
highest  purity  platinum,  o.i  mm  diameter  serving  for  most 
purposes.     Smaller  wire  is  more  difficult  to  handle,  is  more  easily 
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contaminated,  and,  while  it  would  seem  at  first  glance  that  a  more 
compact  thermometer  could  be  constructed  by  its  use,  the  sensi- 
tivity of  such  a  thermometer  is  necessarily  reduced  on  account  of 
the  reduced  area  for  the  dissipation  of  heat  because  the  permis- 
sible heating  by  the  measuring  current  is  limited.  Wire  of  o.i 
mm  diameter,  calorimetric  construction,  will  dissipate  about 
0.000003  watt/cm  of  length  (a  current  of  5  milliamperes  in  the 
winding) ,  with  a  temperature  rise  of  o.ooi  *  C. 

Heavier  wire,  0.2  to  0.4  mm  in  diameter,  is  preferable  for  work 
at  higher  temperattues  becatise  the  larger  wire  is  more  nearly  self- 
supporting,  is  less  easily  contaminated,  and  because  it  has  been 
found  that  low-resistance  thermometers  (Ro  =  2.5  ohms)  are  en- 
tirely suitable  for  work  at  such  temperatures.  The  wire  should 
be  thoroi^hly  annealed  before  winding  by  heatii^  to  1000  to 
iaoo°  C  by  the  passage  of  an  electric  current,  should  be  wound 
with  as  little  tension  as  practicable,  and  should  be  as  thoroughly 
annealed  after  winding  as  the  construction  of  the  thennometer  will 
permit. 

With  the  strain-free  coil  there  is  little  danger  of  dehydratit^  the 
-  mica  by  electrically  heating  the  winding  to  a  temperature  of  about  - 
1000"  C  with  the  coil  in  the  open.  With  the  calorimetric  con- 
struction the  wire  can  be  heated  to  this  temperature  only  momen- 
tarily by  "flashing"  on  a  high  voltage.  The  annealing  is  to  be 
secured  by  a  series  of  flashes,  allowing  the  mica  to  cool  after  each 
flash.  This  flashing  is  especially  valuable  after  the  sheath  has  been 
flattened  down  on  the  winding  because  it  tends  to  ease  up  any  local 
strains  which  may  have  been  set  up  by  such  flattening. 

It  has  been  fotmd  convenient  to  adjust  the  resistance  of  the 
windii^  so  as  to  give  a  fundamental  interval  of  approximately 
either  10  or  i  ohms,  which  permits  rkpid  and  accurate  calculations 
of  temperature  by  the  use  o^  the  slide  rule  only. 

(6)  Leads, — ^The  internal  leads  are  of  gold  wire  0.3  ttitti  in  diam- 
eter for  use  up  to  temperatures  of  1000°  C.  Gold  is  selected 
because  of  its  freedom  from  oxidation,  its  low  thermal  emf  against 
the  copper  studs  in  the  head,  and  because  it  may  be  readily  arc- 
fused  to  platinum.  Internal  leads  are  made  of  platinum  only 
for  use  above  1000°  C.  Copper  leads  may  be  used  only  below 
200"  C. 

Thermal  conduction  along  the  leads  should  be  shunted  to  the 
case  in  the  calorimetric  construction  by  having  at  least  4  cm  of 
the  internal  leads  rolled  thin  and  mounted  between  thin  strips 
of  mica  in  the  flattened  portions  of  the  sheatti. 
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■ft^th  the  potential  terminal  construction  for  use  with  a  Wheat- 
stone  bridge  and  commutator  it  is  desirable  that  the  two  current 
leads  have  nearly  equal  resistances  in  order  that  it  may  be  neces- 
sary to  shift  only  one  or  two  bridge  dials  when  changing  from  the 
"normal"  to  the  "reverse"  setting.  It  is  further  desirable  that 
the  changes  in  resistance  of  these  leads  with  changes  in  tempera- 
ture be  nearly  equal.  These  results  may  be  attained  by  cutting 
all  four  of  the  branch  terminal  platinum  leads,  two  current  and 
two  potential  leads,  to  the  same  length  and  making  the  remainder 
of  the  leads  as  nearly  alike  as  practicable.  When  fmished  there 
are  four  possible  combinations  of  leads,  of  which  the  best  combi- 
nation may  be  selected  by  measurements  in  the  ice  bath.  In 
nearly  every  case  it  will  be  possible  to  so  select  the  combination 
as  to  give  normal  and  reverse  settings  which  differ  by  not  more 
than  0.01  ohm.  By  an  adjustment  similar  to  the  adjustment  of 
the  value  of  Ro  these  settings  have  been  made  alike  to  within  o.ooi 
ohm.  It  should  be  noted  that  this  adjustment  of  leads  is  merely 
for  convenience  and  in  no  way  improves  the  accuracy  of  measure- 
ment. For  instance,  a  constant  resistance  of  10  ohms  in  one  lead 
would  have  no  effect  upon  the  accuracy  of  the  resistance  measure- 
ments except  as  it  shghtly  reduces  the  galvanometer  sensitivity. 

(c)  Mica. — Clear  ruby  mica  free  from  iron  oxide,  which  shows 
up  as  a  brownish  stain,  should  be  used  for  the  construction  of  resist- 
ance thermometers.  The  mica  used  in  the  construction  of  strain- 
free  thermometers  should  be  as  thin  as  can  be  conveniently  worked 
(o.i  mm  or  less)  in  ordei-  that  the  heat  capacity  and  consequently 
the  lag  of  the  thermometer  may  be  reduced.  The  same  is  true  of 
the  calorimetric  thermometer  except  as  regards  the  central  core, 
which  should  be  about  0.5  mm  thick  in  order  that  the  wire  may 
not  be  unduly  strained  by  bending  aroimd  the  thin  edges. 

Mica  may  be  cut  nicely  with  foot  shears  such  as  are  used  for 
cutting  light  sheet  metal.  If  such  are  not  available  or  if  only  a 
narrow  strip  is  to  be  trimmed  off  the  mica  may  be  clamped  between 
steel  straightedges  and  cut  with  a  safety-razor  blade.  Small  holes 
may  be  made  with  a  punch  and  die  (a  jeweler's  staking  tool  is 
convenient  for  this  work) ,  or  by  drillii^  with  a  jeweler's  pivot  drill 
or  a  small  drill  made  of  piano  wire  or  a  needle.  Drilling  may  be 
done  by  hand,  in  which  case  a  neater  hole  is  secured  by  drilling 
from  first  one  side  and  then  the  other,  or  by  a  high-speed  power 
drill,  in  which  case  it  is  best  to  back  the  mica  up  by  a  smootii 
surface  such  as  hard  rubber  or  brass.  Notches  for  the  calorimetric 
winding  may  be  cut  by  clampng  the  mica  between  the  two  halves 
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of  a  spKt  hardened-steel  screw  {D,  Fig.  i)  of  14  to  20  threads  per 
centimeter  and  cutting  out  the  V-shaped  notches  with  a  hacksaw 
blade  the  teeth  of  which  have  been  ground  down  to  a  V-shape  to 
fit  the  threads  and  slightly  rounded  on  the  edge.  A  smoother 
cut  is  seciffed  if  the  first  cut  is  taken  backwards  rather  than  in 
the  usual  way.  After  the  notches  have  been  cut  loose  bits  of 
mica,  etc.,  may  be  cleaned  off  by  "sawii^"a  bundle  of  loose  cotton 
threads  across  the  edge  of  the  mica  while  it  is  still  clamped  in 
the  form.  When  the  core  is  removed  from  the  form  its  edges 
should  be  beveled  slightly  on  a  medium-grit  carborundum  stone. 

Holes  for  the  strain-free  winding  may  be  spaced. by  clamping 
the  mica  between  one-half  of  the  threaded  form  and  a  strip  of 
hard  rubber  and  drilling  at  the  base  of  the  notches,  A  flexible 
drill  made  of  0.2  mm  piano  wire  is  serviceable  for  this  work. 
■WTiere  a  row  of  holes  is  to  be  drilled  near  an  edge  it  is  often  better 
to  leave  about  a  millimeter  extra  width  on  the  strip  to  be  trimmed 
off  later  between  straightedges. 

The  clamps  used  for  holding  the  various  parts  of  the  mica 
together  in  the  assembled  thermometer  are  made  of  platinum 
wire  rolled  to  strip  and  amiealed.  Copper  clamps  may  be  used 
for  work  at  temperatures  below  about  200°  C. 

The  side  plates  (n,  n'.  Fig.  2)  on  the  galorimetric  coil  are  held 
in  place  at  the  bottom  of  the  winding  by  a  small  platJnmn  wire 
passed  through  a  hole  in  the  plates  and  the  core,     (o,  Fig.  2.) 

id)  Arc-Fusing. — There  are  two  general  methods  of  arc-fusing 
which  are  suitable  for  resistance  thermometer  work.  The  two- 
carbon  method,  in  which  an  arc  is  drawn  out  between  two  carbons 
and  brought  up  to  the  work,  is  suitable  for  heavy  work  such  as 
closing  the  ends  of  platinum  or  silver  sheaths  or  for  work  with 
base  metals  where  a  flux  is  necessary.  The  two-carbon  method 
does  not  localize  the  heat  so  well  as  the  single-carbon  method,  in 
which  the  work  to  be  fused  is  made  the  positive  pole  of  a  dc  arc 
of  which  a  single  carbon  is  the  negative  pole.  The  currents  and 
voltages  required  vary  with  the  size  of  the  work  to  be  fused. 
Thirty  volts  and  i  ampere  are  usually  sufficient  to  join  two  o.i 
mm  platinum  wires.  Somewhat  larger  voltages  and  currents  are 
required  to  join  the  0.3  mm  gold  wire  to  the  winding.  No  flux 
is  required  in  the  fusing  of  gold,  silver,  and  platinum. 

A  convenient  method  of  securing  the  variable  voltages  and  cur- 
rents required  for  this  work  consists  in  tapping  off  through  a 
rheostat  from  the  sHding  contact  of  a  50-ohm  rheostat  which  is 
connected  across  the  1 1.0- volt  dc  mains. 
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7.  SHEATH  HEATING  COIL 

It  does  not  seem  out  of  place  in  this  paper  to  describe  a  very 
effective  type  of  heating  coil  {A  and  B,  FJg.  i)  which  has  been 
developed  at  this  Bureau  for  use  in  baths  of  stirred  liquid.  The 
winding  consists  of  a  constantan  ribbon  rolled  from  wire  of  sizes 
No.  20  to  No.  36,  according  to  reqiurements,  and  wound  bifilarly 
on  a  notched  mica  strip.  The  spacing  of  the  notches  from  center 
to  center  is  usually  made  about  twice  the  width  of  the  ribbon. 

The  notches  may  be  pimched,  or  cut  on  a  form  similar,  except 
as  regards  size  and  notching,  to  that  used  for  the  calorimetric 
thermometers,  or  cut  with  a  small  circular  saw  driven  at  high 
speed.  In  this  last  case  the  mica  strip  should  be  backed  up  with 
a  strip  of  hardwood,  or  the  edge  of  the  saw  should  be  rotating  in 
a  slot  cut  in  the  edge  of  a  metal  strip  which  serves  as  a  support 
for  the  mica.  Leads  are  of  copper  silver-soldered  to  the  ends  of 
the  winding,  anchored  to  the  core  by  being  passed  through  slits 
and  brought  out  through  the  lead  duct,  and  insulated  by  silk  or 
mica  strips  as  seems  best. 

The  winding  with  sideplates  of  thin  mica  is  slipped  into  a  case 
made  by  flattening  a  thin-walled  copper  tube.  The  sheath  is 
squeezed  down  tightly  on  the  coil  in  a  vise  and  the  end  soldered. 
The  lead  duct  consists  of  a  smaller  tube,  round  or  flattened  as  is 
convenient,  which  has  previously  been  hard-soldered  to  the  sheath. 

Hard  or  silver  solder  is  used  in  the  place  of  soft  solders  in  the 
construction  of  thermometers  and  heating  coils  wherever  possible 
because  it  gives  a  more  permanent  imion  of  the  parts. 

The  form  of  heating  coil  described  has  smiall  lag  and  heat 
capacity  together  with  lai^e  dissipating  capacity,  which  makes  it 
especially  adapted  for  use  with  thermoregulated  baths.  Tests  of 
heat  dissipation  made  in  stirred  water  baths  indicate  a  dissipa* 
tion  of  0.07  watt/cm  '  of  sheath  siu^ace  for  each  degree  difference 
in  temperature  of  winding  and  bath.  Thus  with  a  loading  of 
10  watts/cm'  the  temperature  of  the  winding  runs  about  140°  C 
above  the  temperature  of  the  bath.  A  loading  of  30  watts/cm', 
probably  the  safe  maximum  value,  requires  a  difference  of  tem- 
perature of^43o''  C.  Without  stirring  of  the  bath  the  transfer 
coefficient  drops  to  about  0.05  watt/cm '  for  each  degree  centi- 
grade difference  of  temperature  between  winding  and  bath. 

No  tests  on  the  rate  of  transfer  in  oil  baths  have  as  yet  been 
made,  but  it  is  known  that  the  coefficient  is  very  much  smaller 
*  than  in  water;  0.03  would  probably  be  a  safe  value. 
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These  coils  are  usually  wound  for  a  loading  of  about  ib  watts/cm  * 
and  are  tested  tor  leak  in  a  manner  similar  to  that  applied  to  the 
calorimetric  thermometers.  It  is  essential  that  the  coils  be  sealed 
against  the  bath  liquid  (water) ,  and  if  used  at  low  temperatures 
the  lead  duct  shoidd  be  sealed  with  De  Khotinsky  cement  or  by 
some  other  method  to  prevent  the  condensation  of  atmospheric 
moisture  on  the  winding  and  consequent  almost  inevitable  short- 
circuit. 

In  conclusion  acknowledgement  is  made  of  the  assistance 
rendered  by  E-  F.  Mueller  of  this  Bureau  in  the  preparation  of  this 
paper.  The  construction  of  resistance  thermometers  therein  de- 
cribed  is  due  to  the  combined  efforts  of  the  members  of  this 
Bureau  who  have  worked  along  these  lines  diuing  the  past  few 
years. 

8.  StTHHART 

The  potential  terminal  type  of  thermometer  is  prefeired  in  view 
of  its  more  complete  elimination  of  lead  resistance. 

Thermometer  leads  are  now  made  of  four  strands,  estch  made 
up  of  three  No.  28  enameled  copper  wires.  This  construction 
affords  sufficient  flexibility  and  avoids  the  difficulties  caused  by 
the  breakage  of  strands  and  the  consequent  variable  lead  resist- 
ance which  is  so  often  encountered  with  the  fine-strand  flexibles. 

Thermometer  bridge  terminals  are  made  of  thin  sheet  copper, 
which  may  be  gold  or  silver  plated. . 

A  thermometer  head  of  simpler  construction  and  neater  ap- 
pearance than  the  metal-cased  head  previously  used  on  the  strain- 
free  type  of  thermometer  is  now  used  on  both  the  strain-free  and 
the  calorimetric  thermometers. 

The  only  essential  modification  in  the  construction  of  the  strain- 
free  type  of  thermometer  is  the  chaise  from  unsealed  to  sealed 
thermometer  tubes.  This  sealing  eliminates  the  possibiUty  of 
the  condensation  of  moisture  in  the  thermometer  when  it  is  being 
used  at  low  temperatures. 

The  calorimetric  construction  has  been  modified  in  several  par- 
ticulars, notably,  (1)  the  glass  drying  head  has  been  found  to  be 
unnecessary  if  the  thermometer  case  is  tight  and  the  initial  drying 
has  been  complete;  (2)  a  case  made  from  German-diver  tubing 
flattened  into  a  sheath  at  one  end  has  been  substituted  for  the 
glass  stem  and  the  metal  sheath  previously  used.  This  case,  if 
constructed  of  German-silver  tubing  0.75  cm  in  diameter  and 
0.02  cm  thick,  requires  an  immersion  to  a  point  only  about  5  cm 
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above  the  top  of  the  windii^  in  order  that  stem  and  lead  con- 
duction effects  may  be  eliminated. 

It  is  essential  for  the  most  accurate  work  that  the  winding  of 
the  calorimetric  thermometer  be  free  from  strain.  This  freedom 
from  strain  may  be  attained  by  thoroughly  annealing  the  wire 
before  winding  by  winding,  with  very  Ught  tension,  on  a  mica 
core  which  is  not  less  than  0.5  mm  thick,  so  that  the  wire  may 
not  be  unduly  strained  by  bending  around  a  sharp  edge,  and  by 
dash-annealing  the  winding  both  before  and  after  placing  it  in 
the  case.  Flash-annealing  consists  in  connecting  the  winding  for 
a  few  seconds  across  a  voltage  sufficiently  high  to  heat  the  winding 
to  a  temperature  of  about  1000°  C  before  the  mica  has  time  to 
heat  above  600"  C, 

A  heating  coil  constructed  along  the  lines  of  the  calcMimetric 
type  of  thermometer,  with  the  substitution  of  a  ribbon  of  resist- 
ance material  for  the  platinum  winding,  has  been  found  very 
effective  and  convenient  for  general  laboratory  use.  Due  to  its 
small  heat  capacity  and  its  large  heat-transfer  coefficient  (0.07 
watt/cm'  per  degree  difference  in  temperature  between  the  wind- 
ing and  the  water  bath) ,  it  is  especially  suited  for  use  in  temper- 
ature-controlled baths  and  for  energy-measurement  work. 

Washington,  September  18,  1920. 
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EFFECT  OF  THE  RATE  OF  COOLING  ON  THE  MAG- 
NETIC AND  OTHER  PROPERTIES  OF  AN  ANNEALED 
EUTECTOID  CARBON  STEEL 


By  C.  Nusbaum  and  W.  L.  Cheney 


ABSTRACT 

This  paper  discusses  the  results  of  a  study  of  the  effect  of  the  rate  of  cooling  upon 
the  magnetic  and  other  properties  of  an  annealed  eutectoid  steel.  In  carrying  out 
the  experiment,  six  specimens  of  this  steel  were  selected,  heated  to  Soo°  C,  and  al- 
Uy^ed  to  cool  at  various  rates — one  in  air.  another  in  lime,  and  the  remainder  in  the 
furnace  at  slower  and  slower  rates.  The  following  properties  were  then  measured: 
Ncvnial  induction  for  ordinary  and  large  magnetizing  forces,  residual  induction, 
coercive  force,  resistivity,  and  Shore  scleroscope  hardness.  In  order  to  study  the 
metallographic  structure  of  the  steel,  micrographs  of  each  specimen  were  made  at  a 
m^nificatioii  of  500  diameters. 

A  study  of  the  experimental  results  show  that  as  the  cooling  rate  is  diminished  there 
is  a  pronounced  increase  in  the  value  of  the  maximum  induction  for  a  given  small 
magnetizing  force,  a  decided  increase  in  the  maximum  penueability,  but  a  decrease 
in  the  coercive  force.  The  values  of  the  coercive  force  agree  very  well  with  the 
scleroscope  hardness  number. 

In  plotting  the  reluctivity  line  as  calculated  from  the  magnetizatiop  curve,  it  is 
found  that  the  reluctivity  line  consists  of  two  straight  lines  with  the  bend  occurring 
at  a  definite  point.  As  the  structure  of  the  steel  changes  from  an  essentially  sorbitic 
one  to  "divorced"  pearlite,  there  is  a  gradual  shifting  of  this  bend  toward  the  origin 
and  B  greater  difference  between  the  values  of  the  "real"  and  "apparent"  values 
of  the  saturation  intensity  of  magnetization  as  calculated  from  the  slopes  of  the  reluc- 
tivity line. 
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I.  INTRODUCTORY 

In  a  fMrevious  paper  •  the  effect  of  the  quenchings  and  subsequent 
tempering  on  the  magnetic  properties  of  a  eutectoid  carbon  steel 
were  presented  and  the  metallurgical  signihcance  of  these  effects 
were  discussed.  Particular  use  was  made  of  the  magnetic  re- 
luctivity relationship.  The  investigation  has  since  been  ex- 
tended to  slower  rates  of  cooling,  some  of  which  are  within  the 
annealing  range.  This  investigation  is  discussed  in  the  present 
paper. 

That  the  physical  properties  and  the  crystalline  structure  of 
steel  are  greatly  affected  by  various  rates  of  cooling  from  or 
through  the  critical  range  is  universally  recognized  by  metallur- 
gists. The  influence  of  the  rate  of  cooling  on  the  magnetic  proper- 
ties is  also  generally  recognized,  yet  there  does  not  appear  to  be  a 
full  appreciation  of  its  importance.  In  much  of  the  published 
m^netic  data  mention  is  made  that  the  steel  was  in  the  "annealed 
condition,"  but  generally  no  information  is  given  as  to  the  initial 
temperature,  the  length  of  time  the  material  had  been  kept  at 
such  temperature,  or  the  rate  of  cooling.  Perhaps  the  data  of 
Yensen '  on  electrolytic  iron  and  sihcon  steel  are  the  most  complete 
in  this  respect.  The  present  paper  is  an  attempt  to  emphasize 
the  importance  of  these  factors  by  presenting  data  on  the  mag- 
netic and  other  physical  properties  and  also  on  the  microstructure 
resulting  from  various  cooUng  rates. 

U.  EXPERIMENTAL  METHOD 
1.  MATERIAL 

The  specimens  were  of  the  following  chemical  composition: 

C 0.8S 


Fe  (by  difference) 98. 6i 

The  specimens  were  in  the  form  of  cylindrical  rods  1  cm  in  diam- 
eter and  25  cm  long,  and  had  been  previously  heated  to  800°  C 
and  furnace  annealed. 

>  Nmbauni.  Chnwy,  and  Scott.  B.  5.  Sd.  Papers.  No.  404;  tgio. 

■  T.  D.  YeoSBi.  Univ.  o(  niidcns  Bntiota-iiiE  Eipn-iiiKiit  Statka.  Bull,  No.  jg;  1914. 
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2.  HEAT  TRBATHEHT  ■ 
Each  specimen  was  heated  to  a  temperature  of  800°  C  in  a  small 
Hoskins  resistance  furnace  and  kept  at  this  temperature  for  a 
definite  interval  of  time.  The  temperatures  were  measured  by 
a  platinum  platinum-rhodium  thermocouple.  Oxidation  of  the 
specimens  at  the  high  temperatures  was  reduced  by  the  presence 
of  a  gas  flame  within  the  furnace.  Since,  at  the  slow  coaling 
rates,  decarburization  of  the  outer  portions  of  the  specimen  be- 
comes appreciable,  all  of  the  specimens  were  turned  down  to  a 
diameter  of  8  mm  so  that  the  specimens  throughout  their  entire 
cross  section  would  be  unifarm  in  properties  and  composition. 
One  end  of  each  specimen  was  kept  for  microscopic  examination. 

3.  MAGHETIC  HEASDKEMBNTS 

The  magnetic  measurements  at  ordinary  magnetizing  forces 
were  made  with  a  Burrows  *  permeameter.  At  high  field  values  the 
measurements  were  made  by  a  modified  form  of  the  "isthmus" 
method.*  For  the  latter  measurements  it  was  necessary  to  reduce 
the  diameter  of  the  specimens  to  6  mm. 

4.  RESISTIvnT 
The  resistance  measurements  were  made  by  a  comparison 
method:  The  "fall  of  potential,"  both  across  the  terminals  of  a 
standard  shunt  connected  in  series  with  the  current-carrying 
specimen,  and  across  knife-edge  potential  terminals  in  contact 
with  the  specimen  and  20  cm  apart,  was  measured  by  a  high- 
resistance  Wolff  potentiometer.  A  series  of  alternate  measure- 
ments were  taken.  In  order  to  minimize  the  effects  on  the  speci- 
men of  temperature  changes  caused  by  the  heating  effects  of  the 
current,  observations  were  not  taken  until  an  equilibrium  tem- 
perature had  been  reached. 


One  end  of  each  specimen  was  polished  for  the  determination 
of  the  scleroscope  hardness,  and  the  determinations  were  made  by 
a  self-recording  Shore  scleroscope.  The  size  and  form  of  the 
specimens  did  not  permit  of  Brinell  hardness  tests. 


•The  heat  ticatiDBit  wu  airicd  out  by  UcsHi.  H.  Scott  und  T.  G.  DiMCS. 
if  the  Bureau  of  SUudiirds.  He.  Scott  aba  save  the  writers  vahuble  u 
uitabic  cooUbe  ratea  for  tfaF»  txpaiments. 

<C.  W.  Burrows.  B.  5.  Sri.  Papen,  No.  117:  1909. 

•W.  L.Cbeoey.  B.  S.  Sci.  Papen.  No.  361;  isn 
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m.  OBSERVATIONS  AND  RESULTS 
1.  RATES  OP  COOLinG 
Such  rates  of  cooling  were  chosen  as  to  cause  a  gradual  varia- 
tion from  an  essentially  sorbitic  structure  to  one  in  which  the 
matrix  is  essentially  divorced  pearlite.     Specimen  i6  was  allowed 
to  cool  in  air,  and  specimen  jy  in  lime,  while  specimens  i8,  19,  20, 


Flo. 


60         90        UO        J50       /80      2(0" 

Time, minutes 

i. — Cooling  curuei  for  4  specimens  0/  anntaled  eutectoid  carbon  steel 


and  21  were  furnace  cooled  at  various  rates  and  under  different 
conditions.  In  Fig.  i  are  plotted  the  time-temperature  curves 
for  the  furnace-cooled  specimens.  In  the  case  of  specimen  j8 
the  current  was  cut  off  after  the  temperature  had  been  held  at 
800°  C  for  12  minutes,  and  the  specimen  was  then  allowed  to 
cool  with  the  furnace.  Specimen  ig  was  held  for  a  time  interval 
of  13  minutes  at  a  temperature  of  800°  C,  and  then  slowly  cooled 
by  reducing  the  current,  which  was  cut  off  when  the  temperature 
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had  fallen  to  580°  C;  the  specimen  was  then  allowed  to  cool  with 
the  furnace.  Specimen  so  was  held  for  a  period  of  20  minutes  at 
the  initial  temperature  and  allowed  to  cool  in  a  definite  manner  by 
suitable  reductions  of  the  current.  Specimen  si  was  cooled  to 
650*  C  in  a  definite  manner  and  then  held  at  this  temperature  for 
a  period  of  75  minutes  in  order  to  determine  the  effect  upon  the 
physical  properties  and  structure  of  maintaining  the  material 
below  its  critical  temperature  during  a  given  time  interval.  The 
times  of  cooling  for  the  various  specimens  from  800°  C  to  650°  C 
are  recorded  in  Table  1 . 
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2.  UAOHETIC  PROPERTIES 
Kig.  2  gives  the  normal  induction  curves  for  low  and  medium 
values  of  the  magnetizing  force,  and  Fig.  4  gives  the  curves  for  high 
values.  It  is  interesting  to  observe  the  increase  in  the  ms^nitude 
of  the  induction  for  a  given  value  of  the  magnetizing  force,  as 
the  rate  of  cooling  is  varied  from  air  cooling  to  slow  furnace 
cooling.  The  change  in  the  values  of  the  induction  is  most  marked 
in  the  magnetizing  force  intervals,  10  to  20  gausses,  and  between 
the  rates  for  the  lime-cooled  and  normal  fumace-cooted  speci- 
mens. The  curves  for  specimens  iS,  19,  and  21  practically  agree 
throughout  the  entire  range  of  the  magnetizing  force,  and  for 
higher  values  the  three  corresponding  curves  are  plotted  as  one 
curve. 
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Fig.  a. — Cunia  showing  effect  of  rale   of  cooling  an-nealed  eutecloid  carbon  ileet  upon 
Magnetic  induction  for  small  and  intermediate  magnttiiing  forces 
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Fig.  3.. — Cuniei  xAoii/ini;  effect   of  rate  of  cooling  annealed  eutecloid  carbon  iteel  upon 
permeability 
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The  relationship  between  the  magnetizing  force  and  the  corre- 
sponding induction  can,  perhaps,  best  be  noted  by  plotting  the 
permeability  against  the  magnetizing  force  as  the  indqjendent 
variable,  as  shown  in  Fig.  3.  Each  curve  passes  through  a  maxi- 
mum of  increasing  magnitude  as  the  rate  of  cooling  of  the  corre- 
sponding specimen  decreases.     A  continual  shifting  of  this  maxi- 


rtifAttttinj  Ftnt 


Pio.  4. — Cunwi  shoTving  effect  of  raU  of  cooling  anntaUd  eulecloid  carbon  sUel  upon 
magnetic  induction  for  large  magnetiting  forces 

mum  toward  the  origin  is  also  to  be  noted.    The  values  of  tiie 
maximum  permeability  are  given  in  Table  i . 
In  Fig.  5  are  plotted  for  the  respective  specimens  the  reciprocals 

of  the  susceptibility,  -^,  against  the  magnetizing  force,  H,  as  the 

indqjendent  variable.  All  of  the  curves  have  a  quite  pronounced 
bend  in  the  strMght-line  portions  of  the  curve.  As  has  been 
shown  in  a  previous  paper,'  this  bend  is  due  to  the  presence  of  a 
magnetically  harder  constituent,  the  cementite  in  the  form  of 
conglomerate,  stratified,  or  "divorced"  masses.  The  reciprocal 
of  tbe  slope  of  the  lower  straight-line  portion  of  the  curve  is  pro- 

•  Niuboum,  Cheney,  and  Scntt,  B.  S.  Sci.  Pepen.  No.  404^  igig. 
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portional  to  the ' '  apparent ' '  maximum  intensity  of  magnetization , 
while  the  reciprocal  of  the  slope  of  the  upper  part  of  the  strai^t- 
line  portion  of  the  curve  is  proportional  to  the  "real"  maximum 
intensity  of  magnetization  of  the  material  for  the  particular  ar- 
rangement of  the  constituents.  Both  the  tqjparent  and  real  satura- 
tion values  are  given  in  Table  i.     Attention  is  called  to  the 


1 1 [ 1 


Fig,  ;. — Ctmw  shvmng  effect 


l^ntxixinq  rare* 
of  rait  of  cooling  anneaUd  eutectoid  a 
reciprocal  of  susceptibility 


gradual  shift  of  the  bend  in  the  curves  toward  lower  values  of  the 
magnetizing  force  with  decreasing  values  of  the  rate  of  coohng. 

3.  BOCROSCOPICAL  ANALYSIS 

The  micrographs  of  Figs.  6  to  1 1 ,  inclusive,  all  at  a  magnification 
of  500  diameters,  represent  the  average  structural  condition  shown 
by  etching  for  10  seconds  in  5  per  cent  alcoholic  picric  acid.  The 
difference  between  the  furnace-cooled,  the  air-cooled,  and  the 
lime-cooled  specimens  is  very  marked.  The  air-cooled  material 
(specimen  16,  Fig.  6)  consists  lai^ely  of  sorbite  with  intervening 
patches  of  coarse  pearlite.     In  these  patches  "  free"  ferrite  is  seen 
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Fig.  6. — Micrograph  of  specimen  i6,  cooled  in  air  from  800"  C 


Fig.  7. — Micrograph  of  spcimenlj,  cooUdxn  lime  from  800°  C 
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to  exist,  often  in  masses  of  considerable  size.  The  effect  of  the 
slow  cooling  in  lime  (specimen  17,  Fig.  7)  was  to  allow  most  of  the 
grains,  sorbitic  when  air  cooled,  to  fonn  as  lamellai:  peailite. 
The  patches  of  coarse  pearlite  with  the  conspicuous  tfree  ferrite 
still  persist  after  cooling  in  lime. 

The  four  specimens  (Nos.  iS,  ig,  so,  and  zi.  Figs.  8,  9,  10,  and 
11),  cooled  slowly  in  the  furnace,  are  very  similar  in  structiu-e. 
Patches  of  lamellar  pearlite  were  found  in  the  structure  of  each, 
the  amount  decreasing  somewhat  as  the  rate  of  cooling  of  the 
specimen  was  decreased.  The  matrix  of  the  material  in  each 
case  (specimens  iS,  19,  20,  and  21)  consists  largely  of  divorced 
pearlite;  that  is,  cementite  particles  in  a  matrix  of  ferrite.  The 
size  of  the  cementite  particles  increases  somewhat  as  the  rate  of 
cooling  of  the  specimen  is  decreased. 

IV.  DISCUSSION 

The  magnetization  curves  for  specimens  18  to  21,  inclusive, 
are  quite  characteristic  of  ms^etic  materials  in  the  annealed 
condition.  This  is  indicated  by  the  comparatively  high  values 
of  the  maximum  permeability.  The  results  obt^ned  are  similar 
to  those  of  Yensen '  on  electrolytic  iron  melted  in  vacuo.  In 
his  experiments  much  slower  rates  of  cooUng  were  used.  How- 
ever, the  effect  of  magnetizing  forces  of  15  gausses  in  the  eutectoid 
steel  is  more  pronounced  than  for  corresponding  rates  of  cooling 
in  pure  iron.  This  effect  is  evidently  due  to  the  influence  of  the 
cementite  in  the  resulting  sorbitic  and  pearlitic  structures  acting 
both  as  a  magnetically  harder  medium  and  as  a  retar(^ng  agent 
for  the  transformation  from  gamma  to  alpha  iron.  The  first  of 
these  is  more  likely  the  predominant  factor. 

The  experiments  of  Howe '  show  a  quite  definite  relationship 
between  the  logarithm  of  the  time  of  cooling  from  800  to  690"  C 
and  the  resulting  structure  of  a  eutectoid  carbon  steel.  .While 
the  results  here  presented  show  no  mathematical  relationship 
between  the  cooling  rates  and  the  magnetic  constants,  there  is, 
however,  a  marked  correq)ondence.  The  maximum  induction 
increases  or  decreases  directly,  and  the  coercive  force,  inversely, 
with  the  time  of  cooUng  from  800  to  650°  C.  The  residual  induc- 
tion does  not  show  as  marked  a  relationship.  Since  both  the 
magnetic  constants  and    the   metallographic   structure  are  in- 
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Fig.  8.— Micrograph  of  specimen  iS.  cooled  in  furnace  from  Soo"  C 


Fig.  9- — Micrograph  of  specimen  ig,  cooled  slowly  in  furnace  f rota  Boo"  C 
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fluenced  by  the  rate  of  cooling,  these  constants  should  be  useful 
in  the  application  of  magnetic  tests  for  determining  the  quality 
and  structure  of  steel. 

As  already  stated,  the  break  in  the  reluctivity  line  increasingly 
shifts  toward  the  origin  with  slower  cooling  rates.  In  the  air- 
cooled  specimen,  where  the  structure  consists  largely  of  sorbite 
with  iritervemng  patches  of  coarse  pearlite,  the  break  occurs  at 
the  highest  value  of  tlie  magnetizing  force.  As  the  material  is 
allowed  to  cool  at  various  rates  so  as  to  form  a  gradation  in  struc- 
ture from  sorbite  to  divorced  pearlite,  the  break  is  shifted  toward 
lower  values  of  the  magnetizing  force.  There  is  also  a  greater 
difference  between  the  real  and  apparent  maximum  intensity  of 
magnetization.  In  specimens  iS,  19,  and  si,  where  patches  of 
lamellar  pearlite  exist,  the  shifting  of  the  break  toward  the  origin 
is  still  more  pronounced,  all  of  the  breaks  occurring  at  approxi 
mately  the  same  magnitude  of  the  field  values.  There  is  also 
the  largest  difference  between  the  real  and  apparent  values  of 
the  maximum  intensity  of  magnetization.  The  break  in  the 
reluctivity  line  occurs  at  the  lowest  field  value  in  specimen  20, 
where  the  pearlite  is  most  completely  divorced.  For  a  more 
complete  d^^ee  of  "divorcing"  (the  "spheroidal"  state)  the 
break  would  probably  occur  at  still  lower  values  of  the  monet- 
izing forte:  This  shifting  is  very  likely  due  not  only  to  changes 
in  the  m^netic  properties  of  the  f  errite  matrix,  one  of  the  magnetic 
constituents,  but  also  to  the  change  in  the  Sux  distribution 
produced  by  the  change  in  the  arrangement  of  the  cementite 
relative  to  the  ferrite. 

The  scleroscope  hardness  and  the  resistivity  as  related  to  the 
cooling  rates  are  interesting  and  significant.  There  is  also  a 
quite  definite  relationship  between  the  coercive  force  and  the 
scleroscope  hardness,  except  for  specimen  21,  which  was  main- 
tained at  650°  C  for  a  definite  time.  It  should  be  remembered, 
however,  that  the  scleroscope  measures  essentially  a  property 
of  the  material  quite  near  the  surface,  while  the  coercive  force  is 
a  property  of  the  material  as  a  whole. 

V.  SUMMARY 

In  this  paper  are  presented  data  showing  the  influence  of 
various  rates  of  cooling  on  the  magnetic  and  other  physical 
properties  and  the  resulting  metallographic  structure  of  a  eutectoid 
carbon  steel.     The  results  may  be  briefly  summarized  as  follows: 
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Fic.  10. — Micrograph  of  specimen  go.  cooUd  slowly  in  furnace  from  Soo"  C 
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1 .  With  decrease  in  the  cooling  rate  there  is  a  marked  increase 
in  the  value  of  the  maximum  induction  for  a  given  value  of  the 
nu^netizing  force,  an  increase  in  the  magnitude  of  the  maximum 
permeabihty,  and  a  decrease  in  the  magnitude  of  the  coercive 
force. 

2.  As  the  structure  is  chained  from  an  essentially  sorbitic 
one,  through  lamellar  pearlite  to  divorced  pearlite,  there  is  a 
gradual  shifting  of  the  break  in  the  reluctivity  line  toward  the 
origin.  Also  the  difference  between  the  magnitudes  of  the  real 
and  apparent  values  of  the  maximum  intensity,  of  magnetiza- 
tion is  greatest  when  the  structtu'e  is  that  of  lamellar  pearlite. 

3.  There  is  a  marked  agreement  between  the.  values  of  the 
coercive  force  and  the  scleroscope  hardness,  as  influenced  by 
the  various  cooling  rates,  except  when  the  specimen  is  held  at  a 
temperature  of  650°  C  for  a  definite  time. 

Washington,  October  20, 1920. 
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A  NEW  METHOD  FOR  THE  MEASUREMENT  OF 
PHOTOGRAPHIC  FILTER  FACTORS 


By  Ra.ymaui  Dam 


ABSTRACT 

A  new  method  u  described  whereby  the  filter  factors  for  orthochTOmatic  and  pan- 
tiiFomfttic  plates  with  varimu  filten  may  be  determined  with  apparatus  vsing  a 
source  of  light  which  is  collected  in  its  qtectral  energy  distrihudom  to  closely  approxi- 
mate that  of  average  ooon  sunlight. 

The  appanitiis  is  easentialty  a  single  Ugbt  source  photometer  in  which  two  beams 
one  from  either  side  of  the  lamp,  are  reflected  so  that  they  fall  mde  by  aide  on  the 
fAotograpbic  plate  which  is  used  in  conjunction  with  the  filter.  In  the  path  of  one 
of  these  beams  the  filter  is  inserted,  ocmsequently  weahening  the  light  in  that  beam. 
The  lamp,  being  morable  between  two  of  the  reflectors,  is  shifted  toward  the  filter, 
thus  inoeasing  the  intensity  of  the  beam  on  the  filter  side  and  diminishing  it  on 
the  other.  Succesnve  exposures  are  thus  made  at  diSerent  lamp  portions,  so  chosen 
that  some  fall  on  one  side  of  the  photographic  match  and  some  on  the  other.  After 
development  the  differences  in  density  between  each  pair  of  exposures  is  measured, 
and  the  position  of  a  photograf^c  match  obtained  therefrom  by  pbtting  these 
differences  against  the  scale  of  the  instrument.  Knowing  the  length  of  the  path  of 
the  two  beams  of  light  the  law  of  inverse  squares  is  applied  to  oCculate  the  filter 
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L  INTRODUCTORY 

Ortbocbromatic  and  panchromatic  plates  are  almost  always  used 
with  photographic  filters  (colored  screens  of  glass  or  gelatin)  to 
control  the  color  and  intensity  of  the  light  falling  on  the  photo- 
graphic plates.  Since  the  use  of  a  filter  decreases  the  intensity  of 
certain  colors  on  the  plate  the  photographic  exposure  through  a 
filter  will  be  greater  than  that  requiied  for  the  same  plate  used 
without  a  filter. 

A  filter  factor  is  the  ratio  of  the  exposure  required  with  a  given 
filter  to  the  exposure  without  the  filter;  hence,  to  obtain  the  proper 
time  of  exposure  when  using  the  filter,  the  proper  time  of  exposure 
without  the  filter  should  be  multiplied  by  the  filter  factor. 

Heretofore,  so  far  as  the  author  knows,  filter  factors  have  been 
determined  by  either  of  two  methods.  First,  the  methodiof  trial 
and  error;  and  second,  the  measiu-ement,  in  some  form  of  sensto- 
meter,  of  plate  speeds  without  and  with  the  given  filter.  In  the 
course  of  a  study  of  the  plates  and  films  made  in  the  United  States 
it  was  desired  to  measure,  among  other  things,  the  filter  factors  of 
all  orthochromatic  and  panchromatic  emulsions  for  a  number  of 
different  filters.  A  method  was  thereupon  devised  with  which  it 
has  been  possible  to  measure  filter  factors  with  an  accuracy  equal 
to  or  better  than  that  attained  in  careful  speed  measurements,  and 
yet  with  much  less  effort. 

n.  APPARATUS    AND    MSTHOD    OF   PROCEDURE 
1.  DESCRIPTIOIT  OF  APPARATUS 

The  apparatus,  Fig.  i ,  is  as  follows :  Light  from  the  two  sides  of 
a  standard  metal  filament  lamp  L  is  reflected  by  similar  reflectors 
Ml,  M„  Mj,  M„  and  by  similar  prisms,  P,  and  P„  so  that  the  two 
beams  fall  side  by  ^de  on  the  photographic  plate  E,  the  filter  fac- 
tors of  which  are  to  be  determined.  In  front  of  the  plate  E  is 
a  simple  shutter.  The  source  of  light  L  is  movable  along  the  line 
joining  Mj  and  M,.  At  F,  between  M,  and  M„  supports  to  hold 
the  filters  are  inserted. 

The  lamp  initially  at  the  position  a  will  give  two  beams  of  equal 
intensity  at  the  photographic  plate  if  the  distances  traversed  by 
them  are  the  same  and  if  identical  optical  conditions  of  reflection 
and  absorption  obtain  for  the  various  media  through  which  they 
pass.  If  a  filter  be  inserted  in  one  path,  the  intensity  of  that  beam 
is  decreased,  so  in  order  to  make  the  beams  of  the  same  intensity 
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it  is  necessary  to  shift  the  lamp  toward  the  filter,  position  b,  thus 
shortening  that  path  and,  increasing  the  other.  In  the  case  with- 
out a  fitter  equal  illumination  is  obtained  with  equal  paths;  the 
ratio  by  which  the  filter  decreases  the  intensily  of  the  light  is 
equal  to  the  square  of  the  length  of  the  path  without  the  filter, 
divided  by  the  square  of  the  length  of  the  path  which  contains  the 
filter.    This  ratio  is  the  filter  factor  sought. 


-<^- 


-\H 


-^ 


Pro.  I. — Plan  and  ttcUonal  vitw  of  filter-factor  apparaUu 

2.  EXPBRUCBIITAI,  proceddkb 

In  practice  the  point  of  balance  is  determined  by  making  a 
series  of  exposures  on  the  plate  with  the  lamp  at  such  distances 
that  some  are  distributed  on  one  side  of  the  point  of  balance  and 
some  on  the  other.  The  plate  is  developed  and  fixed,  and  the 
density  differences  corresponding  to  the  given  positions  of  the 
lamp  are  measured  on  a  polarization  photometer.  These  differ- 
ences are  then  plotted  (as  shown  in  Fig.  3)  against  the  position  of 
the  lamp — ^positive  or  negative  according  to  whether  the  settii^ 
made  the  lamp  distance  too  large  or  too  small — and  the  setting 
for  a  balance  located  where  the  smooth  ciuTe  crosses  the  position 
axis. 

In  the  plot  given  the  scale  zero  is  taken  as  the  point  of  balance 
without  a  filter.  With  the  K,  filter,  the  curve  is  found  to  cross 
the  instnunent  scale  at  27  cm.  Hence,  27.0  is  the  distance  in 
centimeters  of  the  new  point  of  balance  with  the  Kx  filter  from 
the  point  of  balance  of  the  instrument  without  the  filter. 
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Enowing  the  length  of  the  paths  of  light  to  the  point  of  balance 
without  a  filter  and  the  distance  of  the  new  point  of  balance  with 
the  filter  from  the  position  of  equilibrium  without  the  filter,  the 
law  of  inverse  squares  can  be  aj^lied  to  calculate  the  filter  factor. 
For  example: 

Length  of  path  of  each  beam  of  light  when  both  beams  give 
equal  exposure  without  the  filter  -  loo  cm; 


■I 


FlO.  : 


INSrnuMCHT  KALI       OlOPLACeMENT  OF   UMT  SOURCE 
— Typical  curves  of  dtniity  differenca,  ilurwing  Ihi  method  of  plotting 


Point  of  balance  with  the  iC,  filter  (that  is,  distance  by  which 
one  of  the  beams  was  lengthened  and  the  other  shcntened) 
=■  27.0  cm; 

Hence,  Length  of  path  on  one  side       —  100  +  27.0  —127,0  cm; 
Length  of  path  on  other  side  —  100—27.0  —  73.0  cm; 
Applying  the  law  of  inverse  squares: 

73' 

The  apparatus  as  constructed  has  each  path  about  i  m  long 
when  the  lamp  is  in  the  zero  position,  and  the  lamp  has  a  move- 
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Fig.  4.—Pholograpks  taken  u-ilh  and  u-ithout  filters 
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meat  of  about  69  cm,  so  that  the  range  of  factors  which  can  be 
measured  is  from  i  to  30.  The  filters  used  must  be  larger  than 
one-half  inch  square.  The  strips  of  the  photographic  plate  tested 
are  i}4  by  5  inches,  permittiiig  two  filter  factors  to  be  measured 
convenientiy  on  each. 

In  measuring  filter  factors,  four  or  five  settings  (one  exposure 
at  each  setting)  are  made  with  each  filter  as  described  in 
Section  II,  2.  Since  nine  exposures  can  be  made  on  each  test 
plate,  a  single  plate  serves  to  test  two  filters. 

The  trouble  and  loss  of  time  required  to  make  preliminary 
tests  woe  avoided  by  prqMuing  tables,  such  as  Table  i ,  which  give 
the  range  of  settings  of  the  lamp  suitable  to  the  color  sensitivity 
of  the  various  types  and  brands  of  plates  and  filters.  For  example, 
filter  Ki  with  a  panchromatic  plate  was  tested  for  the  scale  posi- 
tions 10,  20,  30,  and  40.  This  procedure  is  practicable  because 
the  variation  in  color  sensitivity  with  emulsions  of  the  same 
brand  is  as  a  rule  not  nearly  so  large  as  the  differences  in  the  same 
type  of  emulsions  of  different  manufacture. 

TABLE  1.— Ran^  of  S«ttiiigB  for  Clua  C  Platw 
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3.  HBASDRinO  THE  TEST  PUTBS 
The  photometric  apparatus  used  to  measure  the  density  differ- 
ences was  constinicted  primarily  for  measuring  the  density  of  the 
test  plates  exposed  in  the  sensitometer.  In  this  the  photometer 
P,  Fig.  3,  is  a  Martens  polarization  instrument.  The  illumination 
in  box  B  is  diffuse,  the  light  entering  the  photometer  being  refl«:ted 
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from  a  ground  opal  glass  plate,  surrounded  on  four  sides  with 
ground  glass,  outside  of  which  are  placed  electric  lamps  sym- 
metrically arranged  to  give  uniform  illumination.  The  test  strip 
is  placed  in  the  sliding  holder  S,  which  by  means  of  stops  brings 
the  center  of  the  two  squares  under  the  respective  apertures  of 
the  photometer.  The  angular  readings  of  the  polarization  instru- 
ment are  reduced  to  densities  by  means  of  a  table  computed  for 
the  purpose. 

in.  HECESSART  PRBCAITTIONS 
1.  jU>JUSTME]!IT  to  OUT-OF-DOORS  COHDITIONS 

In  order  to  have  filter  factors  which  can  be  used  out  of  doors, 
it  is  necessary  to  modify  the  distribution  of  spectral  energy  of 
the  metal-filament  lamp.  This  is  accomplished  by  placing  in 
both  beams  a  suitable  screen  (at  C,  Fig.  i).  It  is  also  necessary 
to  run  the  lamp  at  a  constant  and  specified  current  so  as  to  keep 
its  spectral  distribution  constant.  This  combination  of  lamp 
and  filter  gives  a  close  approximation  in  spectral  energy  distribu- 
tion to  that  of  average  noon  sunlight  at  Washington  and  is  iden- 
tical with  that  used  as  the  standard  light  source  of  the  Bureau 
of  Standards  sensitometer.  That  the  apparatus  furnishes  satis- 
factory results  in  this  respect  is  shown  by  the  illustrations  in 
Fig.  4,  in  which  the  calculated  exposures  used  ran  as  high  as  24 
times  that  without  the  filter.  As  can  be  seen,  the  exposures, 
which  were  proportional  to  the  filter  factors  as  measured,  were 
made  on  two  plates,  the  two  being  developed  together  for  the 
same  length  of  time  and  printed  simultaneously  on  one  sheet  of 
paper.  The  filters  used  (Wratten)  and  their  factors  for  the  plate 
used  (Wratten  M)  were  as  follows: 


Factt* I  4        4.5     5.5       iS       14      i»      a4 

2.  THE  EXPOSURE  TIHB 
The  exposure  tinie  is  of  considerable  importance  and  should 
be  such  that  the  operation  is  confined  to  the  straight-line  portion 
of  the  characteristic  {H  and  D)  curve  for  the  plate  tested.  With 
a  few  exceptions,  this  straight-line  portion  is  sufficiently  long  so 
that  difficulties  arising  from  this  cause  are  not  to  be  expected. 
Table  2  shows  the  effect  of  using  exposures  longer  than  the  straight- 
line  part     For  this  series  of  tests  a  thinly  coated  plate  having  a 
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scale  of  only  15  was  selected  and  from  it  two  test  pieces  cut  and 
exposed  as  indicated — one  plate  with  the  light  source  on  one  side 
of  the  position  of  photographic  match  (scale  35)  and  the  other  with 
it  on  the  opposite  side  (scale  45). 

Thus,  compared  with  a  plate  in  the  filterless  ann,  the  plate 
for  position  45  had  an  excess  density  (density  diflference  +0.15, 
for  exposure  yi) ;  while  the  other  plate  for  position  35  had  a  less 
density  ( —0.03).  Each  of  these  pairs  of  densities  was  used  as  in 
Fig.  2  for  determinix^  the  position  of  match,  and  therefrom  the 
c(»Tesponding  filt^  &ctor  in  column  4  calculated.  Nine  expos- 
ures varying  in  time  from  one-half  to  four  seconds  were  thus 
made  on  each  plate.  They  show  that  a  three-fourth-second 
exposure  has  carried  the  eSect  on  the  imdimmed  part  beyond  the 
straight-line  portion  of  the  characteristic  curve. 

TABLE  2.— Effect  of  Orere^osora  on  the  Calculated  Filter  Fkctoc 
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3.  RELIABLE  SHUTTER 

For  measurements  of  this  kind  the  shutter  should  be  mechani- 
cally operated  and  so  arranged  that  the  timing  can  be  adjusted  to 
suit  the  sensitiveness  of  the  material  to  be  tested.  It  should  also, 
of  course,  be  of  such  construction  that  the  exposure  time  is  repeated 
with  moderate  precision  for  all  the  exposures  of  a  given  set,  else 
false  density  differences  may  result 

4.  ABSORBEIfT  BACKING  FOR  THE  PLATES 

It  is  necessary  to  back  all  plates  used  for  sensitometric  tests 
with  some  light-absorbing  medium  to  prevent  halation.  This 
backing  to  be  effective  must  be  in  optical  contact  with  and  of  about 
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the  same  refractive  index  as  the  glass  plate.  In  all  of  our  sensi* 
tometric  work  black  shellac  has  been  used  for  this  purpose.  When 
properly  made  and  applied,  it  is  very  effective,  but  is  more  di£Bcult 
to  remove  than  the  burnt-sugar  backing  usually  recommended. 
The  chief  advantage  of  the  shellac  mixture  is  that  it  dries  very 
quickly  and  does  not  come  off  or  injiure  the  developit^  and  fixiim^ 
solutions.  It  may  be  removed  by  scraping  with  the  edge  of  a 
rectangular  block  of  wood.  The  plates  ^ould  be  exposed  and 
developed  soon  after  the  backing  has  become  dry  because  it  is 
much  easier  to  remove  it  then  than  if  applied  several  hours  befcn^ 
developing. 

5.  Avomnro  uitbten  DEnaiiES 

The  condition  of  the  surface  of  the  test  plate  when  placed  on 
the  racks  to  dry  is  also  important.  Besides  being  sponged  off  with 
wet  absorbent  cotton  to  remove  sediment  acctmiulated  from  the 
solutions  and  wash  water,  all  drops  of  water  must  be  removed  from 
the  surface  of  the  film,  otherwise  the  densities  will  be  tuieven,  due 
to  the  imequal  rate  of  drying  of  the  different  parts. 

IV.  PRECISIOIT  ATTAINABLE 

High  precision  can  not  be  obtained  with  any  apparatus  where 
the  results  depend  on  the  denaty  of  the  silver  deposit  on  com- 
mercial photographic  plates  and  films.  This  is  clearly  shown  by 
the  results  cf  a  series  of  tests  recorded  in  Table  3.  For  this,  six 
5  by  7  plates  were  selected  and  mmibered  i  to  6,  inclusive.  Plates 
I,  2,  and  3  were  of  the  same  manufacture — the  second,  seventh, 
and  last  plate  in  a  package — the  rest  of  different  manufacture. 
Each  plate  was  cut  into  five  standard-size  test  pieces,  four  of 
which  were  selected  fOT  test  Each  strip  furnished  two  deter- 
minations for  the  filter  foctor — ^four  exposures  being  used  in  each 
case  to  locate  the  position  of  photometric  balance.  Thus  the 
vertical  columns  in  the  table  give  the  variation  in  the  factor  over 
the  same  plate,  and  its  mean  value;  the  first  three  columns  show 
how  it  varies  with  different  plates  of  the  same  manufacture;  the 
first  five,  how  the  factor  for  the  same  filter  (if  J  varies  with  the 
plates  of  different  manufacture;  while  column  6  is  added  merely 
to  show  the  variation  over  a  single  plate  for  a  G  filter. 
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TABLE  3.—Sbamiat  FUtar  Fictot  Tariatioma 
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4.TC 
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20.6 

1».6 
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27. 0 
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17.4 

13.M 

13.M 

14.03 

S.M 

4.BI 

26.0 

3.1 

S.7 

S.S 

l.i 

The  Tnfl-rinnitii  variation  &om  the  mean  for  any  sii^le  plate, 
1.2  per  cent  to  5.5  per  cent,  may  seem  large,  but  it  is  after  all  very 
satisfactory  when  compared  with  the  variation  in  the  sensitive- 
ness of  the  commercial  materials. 

The  following  experiments  demonstrate  the  correq>onding  den- 
aty  variation  of  different  parts  of  single  plates.  Two  5  by  7  inch 
plates  of  different  makes  were  placed  behind  a  grid  consisting  of 
five  opaque  black  bars  separated  by  their  Own  width — each  bar 
half  as  wide  as  the  standard  test  plate.  Each  plate  was  first  given 
a  timed  exposure  to  the  regular  sotm:e  (compensated  to  sunlight 
distribution)  placed  at  3  m  distance.  The  plate  was  then  shifted 
across  the  grid  so  that  the  parts  just  exposed  were  covered  by  the 
bus  and  the  parts  unei^tosed  uncovered.  With  a  color  filter  in- 
troduced in  the  %ht  path,  in  one  case  a  K,  and  the  other  a  G  filter, 
a  second  exposure  was  then  made.  I^or  the  K,  filter  the  second 
exposure  was  adjusted  by  the  filter  factor  to  give  equal  denaty, 
while  for  the  G  filter  a  somewhat  lower  density  was  purposely 
sDi^ht.  The  two  plates  were  developed  together  to  a  moderate 
contrast,  and  after  fixing,  washing,  and  drying  were  cut  into  stand- 
ard size  test  strips,  each  test  strip  having  a  pair  of  exposures  run 
ning  the  full  length,  one  the  result  of  the  exposure  with  the  coIot 
filter  and  one  without.  _  The  difference  in  density,  measured  at 
mtervals  of  one-half  inch  along  the  length  of  the  strip — given  in 
Tables  4  and  5 — shows  the  resulting  variations  in  density  dif- 
ferences. 
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TABUB  5.— TtrkOon  In  I>«nai^  Ova  Another  Pkte— O  FUt«r 
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Table  4  shows,  for  one  type  of  plate  and  filter,  a  range  of  density 
differences  from  +0.04  to  -0.03,  that  is  of  0.07;  while  Table  5 
shows,  for  another  plate  and  filter,  a  range  from  —0.07  to  —0.17, 
that  is  o.io.  It  shoitld  be  added  that  the  densi^  differences  re- 
corded in  Table  4  were  proved  to  be  real  by  setting  the  photometer 
for  zero  difference  and  observing  that  the  match  was  thereby 
destroyed.  Furthermore,  it  was  observed  that  if  the  photometer 
were  set  for  a  match  at  a  fixed  place  on  the  test  plate,  the  match 
was  destroyed  when  the  test  plate  was  moved  to  another  position. 
It  is  therefore  obvious  that  the  method  of  testing  is  distinctly  more 
reliable  than  the  emulsion  is  uniform. 

V.  OTHER  POSSIBLE  APPLICATIONS  OF  THE 
PHOTOGRAPHIC  PHOTOMETER 

By  replacii^  the  filter  under  test  with  sectored  wheels  the  inter- 
mittency  effect  in  photographic  exposures,  with  light  sources  of 
different  intensity  and  different  intermittency,  can  readily  be 
investigated. 
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The  apparatus  could  be  modified  so  as  to  measure  the  relative 
eno^gy  in  different  parts  of  the  spectrum  of  two  light  sources  pro- 
vided suitable  monochromatic  filters  were  at  hand.  This  method 
would  be  specially  valuable  where  comparisons  in  the  blue  end  of 
the  spectrum  are  of  importance,  such  as  perhaps  in  the  effect  of 
humidity,  etc.,  in  the  study  of  the  variation  of  flame  standards  as 
compared  with  electric  standards.  Such  information  would  be 
of  special  value  in  the  application  of  flame  standards  for  sen^- 
tometry. 

VI.  SUMMARY 

A  new  method  is  described  whereby  the  filter  factors  for  ortho- 
chromatic  and  panchromatic  plates  with  various  filters  may  be 
determined  with  apparatus  using  a  single  source  of  light.  The 
energy  distribution  of  the  lamp  is  corrected  to  closely  approximate 
that  of  avenge  noon  sunlight,  so  that  the  values  obtained  are 
applicable  in  actual  practice. 

The  test  procedure  is  described,  and  an  example  given  to  illus- 
trate the  method  of  calculating  the  factor. 

Some  of  the  most  important  precautions  necessary  for  acciu-ate 
-work  are  enumerated. 

Experimental  evidence  is  given  to  show  that  the  accuracy  of  the 
instrument  is  distinctly  greater  than  the  emulsions  are  uniform. 

Suggestions  as  to  the  possible  applicability  of  the  apparatus  to 
other  problems  are  made. 
Washington,  July  31,  1920. 
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THERMAL  EXPANSION  OF  COPPER  AND  SOME  OF 
ITS  IMPORTANT  INDUSTKIAL  ALLOYS 

By  Peter  HAiat 


of  various  compositioiia,  heat  treatmenta,  mechanical  treabnenta,  etc.,  are  picsented. 
The  spedmem  oontaincd  fiom  56  to  loo  pcf  cent  copper  and  were  {»cpat«d  In  a 
ninnber  of  waya— cast,  cast  and  cold-ndkd,  extruded,  extruded  and  cold  worked, 
botroUed  and  cold  ircrbed.  Ucot  of  the  samfdes  were  examined  from  room  tempera- 
tore  to  about  300°  C.  (Several  spedmena  were  co(4ed  lo  — jo'  C  and  flien  heated 
to  +300°  C.) 

Practically  all  available  infotmation  <m  the  thennal  expansion  of  copper  and  its 
alloya  is  briefly  igviewgd. 

Adescr^ptioaof  the  ^iparMns  and  the  preparation  of  the  ittmjdes,  etc.,  aie  given. 

I>£nite  matheniatical  relations  wen  found  to  exist  between  the  coaffidanta  of 
expansion  and  the  copper  oontcnt  d  most  of  the  alloys  investigated  (Series  II,  III, 
V,  VI).  la  gieneial,  Ok  coefficient  of  expansioii  increases  with  a  decrease  In  the 
capper  content.  The  additioa  d  lead  or  tia  has  a  dedded  effect  on  the  coefficient; 
the  farmer  element  generally  decreases  and  the  latter  incresaea  tlie  coefficient. 

Cast  and  CouvRoixsd  Cc»tsk-Zinc  Aixovs  (Sskih3  II  and  III). — In  the  case 
<d  alloys  containing  6a  per  cent  copper,  it  was  found  that  the  coefficients  did  not 
materially  differ  in  cast  or  cold-rollu!  spedmcns,  and  for  alloys  containing  90  per 
cent  copper  a  timUar  agi«ement  existed.  I'or  alloys  niA  a  copper  content  from 
about  6s  to  90  per  cent  the  cold-H>lled  alloys  have  greater  ooeffidente  than  the  cast- 
ings, and  for  alloys  containing  more  than  90  per  cent  copper  the  reverse  is  true.  The 
cocflSdenta  oi  Oie  inside  sections  of  the  castings  are  genoally  diijitly  less  than  those 
of  Oie  ooWdft  seetiMs.  A  iclatioB  exists  between  the  denn^  and  thennal  exponrion 
of  tbeccM^oUedcopper-rinc  alloys  (Series  II). 

Cast  and  Cout-RouxD  C(x>pbk-Tin  Auoys  (Sbkiss  V  and  VI).— The  coeffi- 
cieots  of  the  cold-rOlled  tin  alloys  ore  leas  than  those  of  the  castings.  Cold-rolling 
and  drawing,  tiierefoR,  cause  a  dimimtion  in  die  values  of  the  coeffidents. 

Hot  RouutD  Ain>  ExntoinB)  &waMSNB  (SiBtBa  I,  IV,  and  VII).— Owing  to  ^k 
large  number  of  varying  elements  in  the  hot-rolkd  and  extruded  samples,  it  was 
impoasible  to  determine  the  exact  effect  of  each  constituent  element.  In  general, 
however,  the  oocffidenta  are  greater  than  the  extrapolated  values  obttdned  from  the 
quadratic  equaOions  ot  the  oopper-iinc'  alloys  (Series  II  and  III). 

The  differences  between  the  various  series  <rf  samples  are  discussed  in  the  section 
"Comparison  of  Results"  and  presented  graphically  in  Figs.  39  to  43. 

The  appendix  gives  average  coeffidents  d  expansion  of  all  the  samples  investigated. 

9» 
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I.  INTSODUCTIOH 

A  ^neral  demand  for  reliable  tofonnatioo  oa  the  thermal 
expansion  of  copper  and  its  alloys,  caused  the  Bureau,  with  the 
cooperation  of  the  American  Brass  Co.,  to  undertake  a  compre- 
hen^ve  investigation  on  this  subject  An  attempt  has  been 
made  to  detomine  how  the  coefiBcients  of  expansion  vary  with 
temperature,  chemical  composition,  heat  treatment,  mechanical 
treatment,  etc.  In  structural  work  and  in  the  design  and  con- 
struction of  various  apparatus,  such  as  steam  and  pressure  gages, 
thermostats,  automatic  valves,  etc.,  many  questions  relating  to 
expansion  arise.  The  following  article  slrould  answer  many 
questiDQS  of  expansivity  in  so  far  as  these  refer  to  apparatus  con- 
structed of  these  aUoys. 

Most  bf  the  samples  were  exammed  from  room  temperature  to 
about  300*  C.  (Several  specimens  were  cooled  to  —50°  C  and 
then  heated  to  +300'*  C)  Ncme  of  the  determioations  were 
made  on  alloys  that  had  been  annealed  after  caid  working.  The 
alloys  investigated  contain  various  percentages  of  copper  (from 
56  to  100  per  cent) ,  zinc  (o  to  40  per  cent) ,  and  tin  (o  to  10  per  cent) . 
The  percentages  of  other  elements  contained  are  rdattvely  small. 
The  samples  are  divided  into  seven  series,  according  to  chemical 
composition  and  treatment. 

The  samples  and  photomicrographs  were  prepared  by  the 
technical  department  of  the  American  Brass  Co.,  which  also 
furnished  the  chemical  composition.  The  author  wishes  to  express 
his  appreciation  for  valuable  suggestions,  comments,  and  data  on 
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the  mkiogmpbs  and  the  ptepftratkni  of  the  sainples,  given  by 
W.  H.  Bassett  and  P.  G.  Smith  of  this  company. 

n.  PREVIOUS  DETERMmATIOHS 

Some  of  the  work  by  previous  observers  on  the  tfaennal  ezpan 
sion  of  copper  and  copper  alloys  will  be  briefly  reviewed  here. 

Matthiessen  '  divided  the  physical  propertKS  of  alloys  into  two 
classes,  namely,  (i)  Those  which  do  not  indicate  thdr  chemical 
nature,  and  (2)  those  which  do  indicate  their  chemical  nature. 
He  invest^ated  the  property  of  thermal  expansion,  in  order  to 
determine  to  which  of  these  classes  this  property  belongs,  as  well 
as  to  find  the  law  which  r^^idates  the  expansion  of  alloys. 

His  method  by  which  the  expansion  of  small  quantities  of  metals 
and  alloys  coidd  be  determined  was  to  weigh  the  body  in  water 
at  different  temperatures.  The  sample  was  sightly  gilded 
to  prevent  the  action  of  water  on  it.  Before  each  weighing  the 
water  was  boiled  in  cffder  to  expel  absorbed  air. 

He  found  that  copper  does  not  behave,  in  one  respect,  like 
glass.  The  glass  rods  which  he  examined  "  do  not  return  directly 
to  their  original  length  after  being  heated  to  100°  and  cooled 
rapidly;  copper,  however,  does  so;  for  no  differences  in  the 
coefficients  were  observed  after  heathy  the  rod  to  100°,  deter- 
mining its  expansion,  allowing  it  to  stand  over  night,  and  redeter- 
mining the  coefficients." 

The  following  formulas  applicable  between  0°  and  100°  C  are 
given  for  the  linear  and  the  cubical  thermal  expansion  of  copper: 

Lt  =  Lt,  (i+-io-*Xo.i48i*-f-io^Xo.oi85f*) 
and  Vt-Vo  (i+io-*X  .4463(  +  io-*X  .0555P) 

The  corresponding  formulas  for  a  cc^>per-anc  alk}y  containing 
71  per  cent  copper  are 

Z-i-Lo  (i+io"  Xo.i72O*  +  io"»Xo.oi86/0 

and  Vt-V„  (i+WX   .5i6i(  +  io-*X   .0558?). 

These  equations  represent  the  mean  of  two  determinations  on  the 

same  sample.     The  results  were  as  follows  (if  Va  =  1 ) : 

Furst  heating,      Vt^  =  i  .005723. 

Second  heating,  V,«,'=i.oo57i6. 

Matthiessen  states  that  "a  di£Ference  in  the  crystalline  form 
will  in  all  probability  cause  a  slight  difference  in  the  coefficients 
of  expansion.    It  is  well  known  that  alloys  crystallize  much  more 

'WrtlUmw.  PhU.  TMD*.,  104,  DP.  iji.  Mi;  M6. 
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Tumer  and  Levy  *  investigated  the  amvalmg  of  copper  with 
special  reference  to  dilatation.  They  state  "  It  is  common  knowl- 
edge that  hard  copper  becomes  perfectly  annealed  by  heatinf  to 
500°  C;  that  the  heating  need  not  be  for  any  lengthoied  period, 
and  the  rate  of  cooling  afterward  is  unimportant. ' ' 

An  extensometer  was  employed,  which  was  made  in  the  metal- 
lurgical department  of  the  University  of  Birmingham.  Two  expan- 
sion curves  of  hard-drawn  and  of  annealed  copper  from  18^  to 
about  600°  C  are  shown,  but  no  definite  quantitative  data  are 
given.  Tumer  and  Levy  observed  "that  both  the  heating  and 
cooling  curves  are  quite  r^ular,  there  being  no  break  such  as  would 
be  caused  by  the  slightest  abrupt  change  of  volume  at  a  critical 
temperature.  There  was  nothing  observed  which  woidd  serve  to 
indicate  at  exactly  what  temperature  hard  copper  posses  into  the 
soft  variety." 

These  observers  also  examined  five  hard-drawn  copper  alloys, 
four  of  which,  "namely,  70:30  brass,  66:34  brass,  gun  metal,  and 
phosphor  bronze  gave  perfectly  regular  and  uniform  curves  as  the 
temperature  rose,  and  no  indication  was  afforded  as  to  the  point  at 
which  the  hard  metal  became  annealed."  They  did  not  obtain  a 
satisfactory  curve  for  the  fifth  sample,  6o^o  brass. 

'*The  conclusion  to  be  drawn  from  these  experiments  would 
appear  to  be  that  the  alterations  which  take  place  when  hard 
copper  is  by  annealing  converted  into  the  soft  variety  axe  unac- 
companied by  any  change  in  linear  dimensions.  It  is  known  that 
the  separation  of  a  constituent  as  of  graphite  bxim  cast  iron  (»* 
pearUte  from  steel,  is  accompanied  by  marked  dilatometiic  changes. 
Le  ChateHer  ^  has  shown  that  a  dimorphic  transformation,  such  as 
that  which  ferrous  sulphide  undergoes  between  100  and  150  ",  is 
accompanied  by  a  marked  change  of  volume.  Allotropic  changes 
in  an  element  are  also  usually  accompanied  by  marked  alterations 
of  volume,  as  in  the  case  of  pure  iron  at  about  880°  C.  It  is  evident 
therefore,  that  such  changes  in  the  properties  of  copper  and  of 
copper  alloys  as  are  caused  by  mechanical  work  or  annealii^,  re- 
spectively, are  of  a  different  order  to  those  which  are  due  to  allo- 
tropic or  dimorphic  transformations,  or  to  the  separation  or  rear- 
rangement of  constituents.  The  results  here  recorded  lead  ua  to 
believe  that  mechanical  work  produces  only  internal  rearrangement 
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of  the  metallic  grains  or  moleciiles,  but  does  not  lead  to  any  chem- 
ical or  physical  changes  such  as  are  correctly  regarded  as  allotropic. 
We  have  met  with  no  evidence  to  support  the  view  that  allotropic 
change  results  from  mechanical  work." 

Price  and  Davidson  'reported  Bureau  of  Standards  observations' 
on  the  thermal  expansion  of  17  samples  of  rolled  brass  cut  longi- 
tadinally  and  of  12  samples  cut  transversely  to  the  direction  of 
rolling.  The  specimens  varied  from  0.256  to  0.034  "ich  in  thickness. 
The  various  thicknesses  were  obtained  by  cold-rolling.  The  chem- 
ical composition  of  these  spectmens  was  as  follows: 

per  ecu 

Capper 64.71 

Ziac 35, 37 

Le«d None 

Observations  on  the  expansion  of  the  29  samples  were  made  from 
room  temperature  to  about  300*  C. 

Several  curves  are  shown,  but  no  attempt  was  made  to  determine 
the  coefficients  of  expansion,  their  relation  to  the  percentage  reduc- 
tion in  thickness  due  to  rolling,  nor  the  differences  between  the 
coefficients  of  correspondii^  longitudinal  and  transverse  samples. 
It  is  hoped  to  compute  and  discuss  the  coeffiaents  of  expansion 
of  these  brasses  in  a  future  publication. 

Merica  and  Schad'"  investigated  the  thermal  eicpaiiston  of 
alpha  and  of  beta  brass  between  o  and  600°  C  in  relation  to  the 
mechanical  properties  of  heterogeneous  brasses  of  the  Muntz 
metal  type. 

Tht  expansion  curves  for  alpha  brass  are  regular,  but  those 
of  beta  show  a  transfonnation  point  at  about  450°,  due  to  a 
change  of  beta  into  beta  prime.  Alpha  brass  usually  showed  a 
slight  permanent  elcmgation  after  heating  to  600°  C  and  cooling, 
but  in  the  case  of  beta  brass  a  shrinkage  always  took  place. 
The  quadratic  equations  given  with  the  ctu-ves  do  not,  however, 
best  fit  the  observations  in  each  case. 

The  average  coefficients  of  expansion  of  a  number  of  brasses 
over  different  termperature  intervals  are  given  in  the  table  on, 
next  page. 

*  Fiice  and  Dmvidxn.  Tmuwticni  ol  thr  Amcricis  Inititutc  rf  Vctal*,  U,  p.  ijj-.  1914. 

•ObMnktiiBi  DMdi  br  L- W.  Sclud  ud  Peter  Hidaett  of  Ibe  Bunan  ol  SUndudt, 

NMnioi  and  Sdwd.  louinal  ol  tli«  Ataaiaiii  Institule  of  VfeUls,  11  (No.  j),  p.  336,  i9tr.  ud  B.  S. 
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TABLE  4.— C4Mffld«iits«fK^>iui«ii«f  A^haandBeUBnwsM 


m.  BIATERIALS  INVESTIOATED 

The  samples  investigated  are  grouped  into  seven  series  as'  given 
in  Table  5. 

TABU  5.— Clu^catioa  (dMaterUls 


S«il« 

■arjsr 

MOVM 

W.SM>.«T 

«.l-W.* 
M.4-tl.4 

B.T-W.4 

•t-a 

n  rayjinmJiiiLiiMa  ■iiniiiiii 

Other  details  (commercial  names,  heat  treatments,  etc.)  relat- 
ing to  these  specimens  will  be  given  later.  However,  the  follow- 
ing typical  photomicrographs  are  shown  and  briefly  explained 
in  this  section,  for  they  are  considered  as  partial  definitions  of 
the  materials  investigated. 

Sbmbs  I:  CoppBR  (Pig.  i). — The  micrograph  of  S340H  shows 
the  normal  crystalline  character  of  very  pure  copper  due  to  self  • 
annealii^  during  hot-rolling.  It  also  shows  the  distribution  of 
cuprous  oxide  in  lengthwise  streaks.  The  micrograph  of  S340HD 
shows  principally  the  elongation  of  the  grains  due  to  cold  working; 
i.  e.,  the  structure  of  typical  hard-drawn  copper. 

SSRIBS II  AND  III :  COLD-ROLI,BI>  AND  CAST  COPPBR-ZiNC  MLOVS 
(Figs.  2  to  9). — (o)  Alpha  Brass. — S320  shows  the  structure  of  cast 
alpha  brass.  The  grains  are  practically  pure  alpha,  which  agrees 
with  the  well-known  equilibrium  diagrams.    The  color  shading 
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of  dendritic  form  indicates  lack  of  homogeneity  witbin  the  grains. 
The  micrograph  of  the  cold-rolled  sample  shows  twinned  alpha 
crystals  which  are  the  result  of  anneaUng  and  cold  worldng. 
The  elongated  appearance  is  due  to  cold-diuwing  as  the  last 
operation. 

(6)  Alpha  Brass  CorUaimng  Lead. — S328  shows  a  structure 
similar  to  the  casting  of  S320,  the  principal  difference  being  that 
part  of  the  lead  can  be  seen  as  small  dark  dots  mostly  along 
borders  of  the  grain.  The  corresponding  micrograph  of  the 
cold-rolled  sample  shows  the  elongated  twinned  alpha  crystals 
with  streaks  of  lead  scattered  among  them. 

(c)  Alpha  Brass  Containing  Tin. — S333  shows  a  structure  of 
alpha  grains  similar  to  S320.  Small  islands  of  a  tin-rich  alloy 
can  be  seen  segregated  from  the  alpha.  The  micrograph  of  the 
cold-rolled  alloy  shows  elongated  twinned  alpha  crystals.  Anneal- 
ing and  cold  working  caused  the  tin  to  diffuse  and  become  absorbed 
in  the  alpha  grains. 

{d)  Alpha  Beta  Brass. — ^The  structure  of  cast  brass  in  which 
there  is  a  varying  amount  of  beta  depending  on  the  zinc  content 
is  shown  in  the  micrographs  of  S32 1  to  S324,  inclusive.  In  micro- 
graph S321  the  alpha  ctendrites  (referred  to  in  the  micrograph  of 
the  casting  of  S330)  are  bordered  with  islands  of  beta,  in  S333  the 
beta  neariy  envelops  the  alpha  dendrites,  in  S323  there  are  no 
dendrites  on  account  of  the  larger  proportion  of  beta,  and  in  S324 
there  is  a  new  grain  formation  in  which  the  grains  are  relatively 
large  and  consist  of  mixed  alpha  and  beta  surrounded  by  a  net- 
work  of  alpha. 

The  changes  in  the  structure  due  to  annealing  and  cold  working 
may  be  seen  from  a  comparison  of  the  micrographs  of  the  cast  and 
cold-ndled  alloys  (S321  to  S324,  inclusdve).  In  the  cold-rolled 
alloys  S331  and  S323  the  beta,  which  could  be  seen  in  the  castiugs, 
has  diffused  and  none  but  alpha  crystals  can  be  seen.  Only  a 
small  amount  of  beta,  appearing  as  dark  streaks,  can  be  seen  in 
the  cold-rolled  alloys  of  S323  and  S324. 

(«)  Alpha  and  Beta  Brass  Containing  Lead. — ^The  structure  of 
a  cast  alpha  and  beta  brass  containing  lead  is  shown  in  micro- 
graph S330.  The  proportion  of  zinc  is  great  enough  so  that  in 
the  cold-rolled  alloy  S330  (like  S323)  the  beta  is  not  all  diffused 
by  tlie  cold-rolling  and  annealing.  A  small  propCHlion  of  the  lead 
can  be  seen  as  dots  in  the  alpha  crystals.  (This  alloy  will  be 
compared  with  S343  later.) 
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Sbribs  IV:  Extruded  AND  HoT-RoixBD  CoppBR-ZiNc  AixoTfs. 

(Figs,  lotois). — (a)  Alpha-Beta  Brass. — The  micrographs  of  S341 
and  S342  show  l^pcal  structural  differences  between  hot-roUed 
and  extruded  alloys  having  nearly  the  same  compomtion.  Both 
alloys  have  the  alpha  and  beta  Mimtz  structure,  but  the  diBtnbu- 
tion  of  the  phases  is  entirely  different,  due  to  the  different 
methods  of  hot-working. 

(J>)  Extruded  Alpha  and  Beta  Brass  Containing  Lead. — ^The 
micn^raph  of  S343B  shows  elot^;ated  grain  of  alpha  and  beta. 
Some  of  the  undissolved  lead  probably  accompanies  the  beta. 

The  micrograph  of  S343ED  shows  a  greater  proportion  of  beta 
than  casting  S330  (a  leaded  brass  of  practically  the  same  compo- 
sition) of  Series  III,  principally  on  account  of  the  lesser  amount 
of  cold  working  and  annecding  the  former  received.  The  fact 
that  the  extruded  alloy  carries  a  slightly  greater  amount  of  dnc 
and  lead  has  a  slight  bearii^;  on  the  amount  of  beta  phase.  From 
a  comparison  of  the  micrographs  of  S343  and  S330,  the  structural 
differences  in  the  two  leaded  brasses,  due  to  extrusion  and 
cold-rolUi^,  may  be  observed. 

(c)  Alpha  and  Beta  Brass  Containing  Tin. — ^The  structural 
differences  between  the  hot-rolled  (S344)  and  extruded  (8345) 
teasses  (having  nearly  the  same  composition)  are  shown  in  Figs. 
13  and  14.  These  lUloys  are  of  the  same  type  as  S341  and  S342 
and  have  the  same  structiual  character.  The  small  tin  contest 
has  no  apparent  effect  on  the  structure. 

(d)  Alpha  and  Beta  Bronze  Containing  Tim  and  Iron. — ^The 
structure  of  a  typical  manganese  bronze  is  shown  in  the  micn>- 
graphs  of  S346,  both  extruded  and  drawn.  It  is  an  alloy  of  the 
same  general  type  as  S343  and  S345,  but  on  account  of  the  greater 
proportion  of  zinc  the  beta  crystals  predominate.  It  consists 
jtfindpally  of  beta  grams  through  which  are  scattered  needles 
and  globules  of  alpha. 

SEKIBS  V  AND  VI:  C0U>-R0UJBD  AND  CAST  CoPPEH-TiN  Air 
LOYS  (Fig.  16).— The  micrograph  of  the  cast  alpha  tin  bnmze 
(S408)  shows  dendrites  of  alpha  surrounded  by  beta.  Within  the 
beta  thoe  are  small  areas  of  delta  or  alpha  and  delta  complex. 

The  corre^xmding  micrograph  of  the  cold-rolled  sample  shows 
elongated  alpha  crystals.  The  tin-rich  parts  (beta)  of  the  cast- 
ings have  been  completely  diffused  by  annealing  and  cold  woildn^, 
which  produced  a  homogeneous  alloy. 

Series  VII:  Aluminum  Bronze  (F^.  17). — ^The  nticrt^raph 
of  the  alpha  aluminum  bronze    (S347H)    shows  the  crystalline 


,y  Google 


•"    2 


sf 


Di3,i«db,Google 


I  3 


li? 


Di3,i«db,Google 


I? 
Ml 

ll 


Di3,i«db,Google 


1 1 


Di3,i«db,Google 


III 

S  i 

I      % 


Digitized  byGoOgle 


11 


Di3,i«db,Google 


is 


Di3,i«db,Google 


ill 

11  ! 


Di3,i«db,Google 


Thermal  Expansion  of  Copper  Alloys 


la  this  re- 


character  due  to  self-annealing  during  hot-TolUng. 
spect  it  is  similar  to  copper. 

The  micn^Taph  of  S347HD  shows  similar  but  larger  alpha 
crystals.  This  alloy  was  drawn  only  slig'htly  and  the  consequent 
eloi^[ation  of  the  grains  can  not  be  seen. 


o» 


^7\ 


TV.  APPAKATUS  AND  EVALUATION  OF  CONSTANTS 

The  apparatus  employed  was  essentially  the  same  as  that  used 
for  the  determination  of  the  thennal  expanaon  of  molybdenimi." 

Each  specimen  was  supported  horizontally  in  a  return  flow 
bath.     The  method  of  arrangement "  is  shown  diagramatically  in 
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Fig.  i8.  AB  represents  the  ^lecunen,  and  C  and  D  are  pomts  on 
the  I  mil  tm^sten  wires  ACE  and  BDF,  which  points  represent 
the  foci  of  two  horizontal  micrometer  mkroscopes.  These  wires 
are  in  contact  with  the  ends  of  the  specimen  AB,  and  are  stretched 
upward  to  a  rigid  bar  EF  (shown  in  part) .  Each  wire  passes  over 
a  pull^,  and  supports  a  small  weight,  P,  at  its  upper  end.     AC 


is  -^  the  distance  of  AE,  and,  similarly,  BD  is  A  the  distance  of 
BF.  EF  is  a  hollow  invar  bar  which  is  kept  at  room  temperature. 
The  length  changes  of  AB  were  measured  indirectly.  The 
distance,  CD,  was  compared  with  a  standard  bar  kept  at  the  same 
temperature  as  EF.  If  the  temperature  of  the  specimen  is 
increased,  it  expands  as  shown  in  Fig,  19.     A'B'  represents  the 
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lei^rtii  of  tbe  spedmen  at  some  increased  temperature,  and 
{AA'  +  BB')  lepresents  the  true  expansion.  The  microscopes 
first  measured  the  distance  CD  and  then  CD'.  The  difference 
between  CD'  and^CD,  which  is  equal  to  (CC'+DD'),  gives  the 
apparent  ezpan^on,  from  which  the  true  expansion  (AA'+BB') 
may  be  determined.    Since  AC  is  iV  of  AE,  and  triangle  C*CE 


Flo.  ao. — Diogramvmtie  npTtt&niation  of  txpanded  bar  EF 

cc 

B  similar  to  tnangle  A'AE,  then  ^^-A  or  AA'-- V   CC. 

Similarly,  BB'  —  ^  DD'.    The  true  expansion  is  therefore  equal 
to^oi  the  observed  or  apparent  expansion. 

If  the  tenq>erature  of  EF  varies  from  the  assumed  constant 
temperature,  it  Is  necessary  to  apply  a  correction  to  the  observed 
length  of  CD.    If  the  temperature  of  the  upper  hollow  bar,  Ef, 
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increases  its  temperature  above  the  standard  temperature  and 

expands  an  amount  equal  to  EE'  +FF',  then  the  wites  will  incline 

as  shown  in  Fig.  20.    The  microscopes  will  sight  the  points  C 

and  D'  instead  of  the  points  C  and  D.    It  is  necessary,  therefore, 

to  subtract  the  distance,  CC'  +  DD',  from  the  observed  distance, 

CD',  in  order  to  obtain  the  distance,  CD.    Since  AC  is  iV  of  AE, 

CC 
and  triangle  ACC  ts  siimlar  to  triat^le  AEE',  then  ==7  —  ^  or 

CC  is  tV  EE'.     In  like  manner  DD'  is  iV  FF'.    CC  +  DD',  the 
correction  to  be  applied  (added  when  the  temperature  is  below  the 
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Flo.  31. — Ltwur  «%paimon  at  a/uiKlion  p/'fcfn^ater* 

Standard  temperature  and  subtracted  when  above  the  standard 
temperature),  is  equal  to  -^  (EE'+FF').  The  correction  to  be 
applied  to  the  length,  CD,  is  -^  of  the  change  of  EF.  This 
correction  is  usually  very  small. 

The  return  flow  bath  was  filled  with  oil  or  pentane,  the  liquid 
used  depending  on  the  temperature  desired;  Between  room  tem- 
perature and  300^  C,  "  Renown  "  engine  oil  was  used,  while  for  low 
temperatures  pentane  was  employed.  An  electric  resistance  coil 
surrounded  by,  and  in  contact  with,  the  liquid  was  used  for  heating. 
Cooling  below  room  temperature  was  effected  by  the  expansion  of 
compressed  air  witbiu  a  coil  of  copper  tubing  immersed  in  the 
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bath  containing  pen1»ne.  The  Uquid  surrounding  the  specimen 
was  kept  in  drculation  by  means  of  a  propeller.  The  temperature 
▼ariation  over  the  entire  specimen  was  probably  not  greater  than 
0.1  *  C  during  an  observation. 

The  length  changes  were  determined  with  a  movable  com- 
parator consisting  of  two  micrometer  microscopes  r^idly  clamped 
on  an  invar  bar  at  a  distance  from  each  other  equal  to  the  length 
of  the  ^>ecimen  (30  cm).  The  microscopes  were  so  arranged  that 
they  could  first  be  sighted  on  a  standard  length  bar  kept  at  nearly 
constant  temperature  and  then  on  the  i  mil  wires  which  were  in 
contact  with  the  ends  of  the  specimen. 

The  temperatures  were  detennined  by^means  of  a  copper-con- 
st4PtBJi  thermoftlfifiefit  and  a  potentioRKter  ddjbrated  lespectiwly 
by  tbe  heat  and  tJectrical  divisions  of  thia  Bureau,  - 

tp  OTder  to  indicate  how  the  observaticms  w«xe  used  in  djeriviag 
empirical  .equatwoa  of  expapsio^,  the  obaervatitnts  on  a  ^nein 
specimen  (S341)  are  given  in  the  following  table.  The  accom- 
panying curve  (Big.  2i)  shows  the  results  graphically. 

TABEJB  t.Ssfuuiaa  Okwttniitmqa  a  fTimpI' 
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17.S 
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•c 

1N.S 

X»^ 

ISO 

unce  per  unit  lenfth  fnaa  the  Icaith  at  tlie  lidtiitl  ttmpcntan  im'C. 

If  it  is  assumed  that  the  specimen  expands  in  .«epordaa(Wwi^  S 
second  de^fi:^  equation  of  the.  f<tfm    . 

A;-(*-I7.5)«  +  (*")7-5)'6.     ■ 

where  t  represents  any  temperature  between  17.5  and  301.2°  C, 
then  from  the  values  of  AZ,  obtained  from'the  observations  on 
heating,  it  is  possible  to,  derive  the  following  empirical  equation 
by  the  method  of  least  squares: 

Ai  - 19.02(*-- 17.5)10-* +o.oo59o((  -  i7-5)*'o'*- 

Table  7  gives  a  comparison  of  the  observed  values  with  those 
computed  from  this  empirical  formula. 
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The  probable  error  is 

0.67451 
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-  =  ±ITXICf*. 

'  The  deviatkms  of  the  observed  values  taken  on  oxriing,  fnun  ^is 
empirical  equation  representing  the  heating  curve,  are  given  in 
the  following  taUe,  where  Al  represents  the  change  per  tmit 
length  from  the  length  at  the  initial  temperature  17.5^  C. 

TABLB  8.~Reaalts  on  Cooling 
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XVf 

From  inspection  of  the  preceding  table,  it  is  evidoit  that  the 
observations  on  cooling  lie  below  the  heating  curve  and  that  the 
specimen  at  the  end  of  the  test  was  about  0.003  per  cent  shorter 
than  at  the  beginning. 

The  first  derivative  of  the  empirical  equation  of  eiqiaimon 

Ai-i9.oa((— i7.5)io"*+o.oo590((— i7.5)*io"* 


jj  [A/]  — i9.02Xio**  +  o.oii8o(*  — i7.5)i<r* 

and  represents  the  tangent  to  the  expansion  curve.  This  tangent 
also  represents  the  rate  of  expansion  or  instantaneous  coefiQcient, 
at,  at  any  temperature,  t,  within  the  proper  limits. 

From  inspection  of  the  preceding  linear  equation  and  the 
following  table  which  gives  the  instantaneous  coefficients  com- 
puted for  every  50"  from  50  to  250°  C,  it  is  evident  that  the  rate 
of  expansion  increases  with  temperature. 
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TABLE  9.— S«Iatian  batwaan  Corfflcfant  of  Eigansloa  and  Ttrnpantnn 


-»s- 

•-dsr 

xur* 

The  equation 

A/  =  19.02  (( —  1 7.5)  lO"*  +0.005900  —  I  j.s)':©"* 

may  be  trandormed  into  the  following: 

Z.*-i»(i +18.81  (Xio-*+o.oo590i*Xio-*), 

where  Lt  is  the  length  of  the  specimen  at  any  temperature,  t, 
between  17.5  and  301. s''  C  and  Z«  the  length  ato°C. 

V.  EXPERIMBirTAL  AND  DBRIVBD  RBSITLTS 

1.  SERIES  L— COPPER:  ELECTROLTnC,  mCKELITSROUS,  ARSEHICAL 

In  this  series  there  ate  foiir  samples  of  copper.  The  method  of 
worUng  of  these  samples  before  the  thermal  expanstou  tests  is 
given  in  the  following  table.  The  specimen  marked  "H"  was 
hot-rolled  and  those  marked  "HD"  were  drawn,  annealed,  and 
finished  hard  after  being  hot-rolled. 

TABIX  l<k— Traatmant  Bate*  EipanaiciB  Tasta 


Table  1 1  gives  the  composition,  the  temperature  range  of  the 
thermal  expansion  test,  the  values  c^  a  and  b  of  the  genial 

quadratic  equation 

U'-Uii+at  +  bt'), 

where  Lt  is  the  length  at  any  temperature  within  the  specified 
range,  the  probable  error  of  Li,  and  the  instantaneous  coefficients 
at  every  50*  from  50  to  250*  C. 
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The  curves  in  F^.  22  show  graphically  the  relation  between 
the  instantaneous  coefficients  and  the  temperature  from  50  to 
250°  c. 

EtBCTROLYTic  CopPER. — These  swnples  were  prepared  from 
high-grade  electrolytic  copper  wire  bar. 

The  instantaneous  coefficients  of  the  drawn  sample  of  elec- 
trolytic copper  are  less  (nearly  over  the  whole  temperature 
range)  than  those  of  the  hot-rolled  specimen.  The  maximum 
difference  in  the  coefficients  is  0.26  x  10-*  and  occurs  at  250°  C. 
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In  general,  annealing  and  drawing  of  the  hot-rolled  bar  caused  a 
s%ht  lowering  of  the  values  of  the  coefficients. 

NiCEEUPBROUS  AND  ARSENICAL  CoppBR. — The  instantaneous 
coefficients  of  the  cold-drawn  nickeliferous  and  arsenical  copper 
samples  are  practically  equal,  and  somewhat  largo-  than  those  of 
the  drawn  electrolytic  copper  rod  (to  200°  C).  The  substitution 
of  small  amounts  of  nickd  or  arsenic  tends  to  raise  the  instan- 
taneous coefficients. 

The  coolii^  curves  of  S340HD,  S339HD,  and  S33dHD  lie 
below  the  heating  curves,  and  the  cooling  curve  of  S340H  lies 
above.  The  maximum  variation  betwecn.the  heating  and  cooling 
curves  is  ±  50  millionths  per  unit  length.  After  cooUi^  to  room 
temperatttre,  the  variation  vx  length  from  the  original  length 
was  fomid  to  be  as  follows.  The  minus  (-)  sign  imScates  a 
decrease  in  length. 


TABU  12.— anagM  In  Lcn^  Utet  TM 

lAmti^Tmm^ 
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2.  SBBIES  n.— COUMIOLLBD  COraER-ZnTC  AILOTS 

Series  II  includes  16  samples  of  copper-zinc  aDoys,  ccdd-roHed 
from  2-inch  chill  castings  to  twenty-one  thirty-second  inch,  cgld- 
drawn  to  0.300-inch,  annealed,  and  finished  hard  at  one-fourth- 
inch,  and  2  samples  (S332  and  S333}  similarly  rolled  &vm  chill 
castings  c^  j  ^-Inch  diameter. 

This  series  may  be  subdivided  into  fmir  groi^  <^  alloys:  (a) 
Alpha  brass,  S313  to  S320,  indusive;  (b)  alpha  beta  brass,  S321 
to  S334,  tncluave;  (c^  leaded  brass  (alpha  or  alpha  beta),  S327 
to  S330,  inclusive;  (t^  alpha  brass  containing  tin,  S332  and  S333. 

The  following  table  gives  the  composition,  ttie  tenq>erature 
range  of  the  thermal  ejcpansion  test,  the  values  of  a  and  h  of  the 
gener^  quadratic  equation 

Lt-Lo  (i+ai+bf), 
where  Lt  is  the  length  at  any  temperature  within  the  specified 
range,  the  probable  error  of  Lt,  and  the  instantaneous  coefficients 
at  every  50"  from-50  to  250*  C. 
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The  observations  on  three  of  the  above  alloys  were  plotted,  and 
the  curves  obtained  are  shown  in  Fig.  33. 

From  inspectioti  o{  the  previote  table,  it  is  seen  that,  in  general, 
the  oocfficiaits  incteaae  with  a  decrease  in  the  copper  content  of 
these  Coppermine  alloys.     B  the  values  dl  the  instantaneous  coeffi- 
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HJ.ON31  linn  ti3d  sHXNoin'iin  ni  NorsNVdxs 
cients  at  50**  C  are  plotted  against  the  copper  content,  the  curve 
shomi  in  Fig.  34  Is  obtained.  It  is  obvious  that  it  ia'posslble  to 
deiive  a  niathematical  relation  between  the  instantaneous  coeffi- 
cient at  50**  C  and  the  copper  (or  zinc)  content  of  these  alloys,  if  it 
1  that  the  other  elements  present  are  impurities  which 
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may  be  neglected,  ^nce  the  leaded  brasses  (S337  to  S330,  inclu- 
sive) and  the  brasses  containmg  tin  (S333  and  6333)  cotttabi  lead 
and  tin,  rtepecdv^,  which  were  added  intentiotially,  it  vras  de- 
cided to  igncse  these  alloys  in  derivii^  the  tctatioli  between  copper 
content  and  expansivity.  The  instantaneous  coefifidents  com- 
puted fttnn  the  qtiadratic  equation,  ctfesqiansion-  _  . 

L,~L»ii+at  +  bf) 

may  be  called  "experimental"  values.  If  it  is  assumed  that  the 
rdatiossfaip  between  the  coefficient  of  expansion  and  tlie  copper 
content  is  expressed  by  the  equation 

a„-X+BCu+CCu* 
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Vm.  14. — Rtlation  b«lvw 


where  a,,  is  the  instantaneous  coe£Eicient  at  50°  C  and  Cu  is  the 
per  cent  copper,  then  it  is  possible  to  derive  the  following  equation: 

iJ„-(22.923-o.o6833  Cu+o.oooo6g5Cu»)ior«, 

where  Cuis  the  copper  content  betweenthclixnits  j63.ijand  97  .per 
cent. 

The  following  is  a  comparison  of  the  experimental  values  of  the 
instantsneoifs  coefficients  of  expansioit  at  50°  C  with  thcsci  oom- 
conjputed  from  this  formula.  Thft  residMaig  show  tiiat  theei;pia- 
tion  holds. 
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TABLE  14.— CamfolMa  of  Bxpwbiwntel  and  Convnted  CcMffldanta  at  50°  C 

[TtuptobaiikaniralBtii  ^MAXie-*-] 
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o,„,  and  a^,  at  lOo,  150,  200,  and  250°  C,  respectively,  were  com- 
puted  and  the  eqaatioos  derived  are 

"w»"  (24.673 -0.08794  Cu+9XKX>I252  Cu'±o.o5)io'* 
Oii«"(25-790-  .09119  Cu+  .oooo775Cu*±  .08)10^ 
<»iM-(23^o6—  .00386  Cu-  .0005421  Cu'±  .i3)io"* 
o,»™(28.68i—  .11451  Cu+  .0000874  Cu'±  .i6)io"*. 
The  last  term  in  the  parenthesis  of  each  equation  represents  the 
probable  error. 

Pig.  35  F^eseots  graptucolly  the  instantaneous  <»effioients  at 
every  50*  from  50  to  250*  C. 

A  change  in  temperature  causes  a  greater  change  in  the  value 
of  the  instantaneous  coefficient  of  a  copper-zinc  alloy  of  low 
copper  content  than  in  that  of  an  alloy  of  higher  copper  content, 
as  is  apparent  from  Pig.  25  and  the  following  comparisons 
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The  change  in  the  rate  of  expansion,  or  instantaneous  coefficient 
of  S320  from  50  to  100°  C  is  nearly  twice  as  large  as  that  f<» 
S313.  This  change  increases  with  a  decrease  in  the  copper  con- 
tent (aad  a  corresponding  increase  in  the  per  qent  zinc)  of  the 
alloy. 

The  average  readuals  of  the  alpha  beta  brasses  (S321  to  8324, 
incliBive)  above  loo**  C,  exceed  the  corresponding  probable  errors, 
which  indicates  that  this  group  of  alloys  is  not  in  as  dose  agree- 
ment with  tiie  empirical  equations  as  the  group  of  alpha  brasses 
(8313.10  S320,  inclusive). 


1  " 

•) 

*    CMr 

.^„ 

.s 

^ 

s 

•           >•          ■  /oo 

1 " 

1 

K 

^ 

^ 

S 

Ir- 

^ 

^ 

fil 

"^r 

if:-- 

^^ 

•-^ 

■^ 

Si  Hi' 

=    ?^ 

s 

r-l: 

:^ 

8 

FiQ,  35.— ArfatWM  btttMtn  ttutantantmu  aftfieUnU  and  Mpptr  content 

The  two  copp^  alloys  (S332  and  S333)  containing  tin,  which 
was  added  intentionally,  have  coefficients  which  are  greater  than 
the  theoretical  values  of  alloys  of  corresponding  copper  ccmtent 
(but  without  tin),  as  may  be  seed  from  Fig.  25  and  the  following 
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The  deviations  an  greater  tliaa  the  probable  eircns,  andare 
attrib^tsble  tP  the  large  amounts  of  tin.  It  should  be  noted 
tlutt  for  the- alloy  coDtAisiiig  i>io  per  cent  tin  (8333);  the  obseryed 
values  deviate  from  the  theoretical  curves  of  instantaneous 
coefficients  more  than  thos»t)t  the  alh^  contaiuii^  less  tin  (S332). 

The  four  leaded  brass«5  containing  fk>m  1.65  to  2.57  per  cent 
~  lead,  which  was  intentiuiiaUy  added,  iiave  instantaneous  coeffi- 
cients that  are  less  thaii  the  theoretical  values  of  alloys  of  corre- 
sponding copper  contend  (but  without-  appreciable  amounts  of 
lead).  The  average  deviMions  at  ..150,  200,  and  250°  C  are 
— cioxio"*,  -0-I7XZ0-*,  and  -o.2oXicr*,  respectively,  which 
exceed  the  probable  eirors  and  are  due  to  the  added  lead. 

From  the-cqutitioiis  erf  instantaneous  coeffioents  it  is  possible 
to  [wedict  the  coeffideirts  of:  a  cold-roifed  ,oopper-zinc  alloy,  the 
copper  coatent  of  which  varies  itam  6t.i  to  97  per  cent.  There 
ia  a  remailc^ibte  nniformity  betvacen.thc-coefficteuts  of  expansion 
add  the  ceiqter  content  of  these  alloys.  This  lanfonnity  might 
be  better  if  copper  and  zinc  -neie  the: only' two  demeHts  to  vaiy. 

In-  general,  it  iras  found  that  the  coo&ng  curves  from  the  nuud- 
mum  temperature  (about  300"  C)  to  room  temperature  did  not 
coincide  exactly  with  the  heating  curves.  At  any  given  tempera- 
ture the  variation  did  not  exceed  ±  70  millionths  per  imit  length. 
In  each  case  the  mairimimi  varijEUion  oocuned  at  room  tempera- 
ture; that  is,  the  oooUng  curve  deviated  more  from  the  heating 
curve  as  the  temperature  decreased  from  about  300°  C  (the 
maximum  temperature)  to  room  temperature.  The  following 
table  shows  the  deviations  at  room  temperature  or  the  changes 
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in  length  after  test.    Tfae  i^us  ( + )  si^  incBcittw  an  taaease  in 
In^th,  and  the  minus  (  —  )  sign  a  decxease  in  length. 

TABIB  17.    CbtiHB  bi  Lvncfii  Dtw  to  HMt  Tnatmeot  RKetrad  Dnrhitf  Twt 
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As  a  general  rule,  materials  fail  to  return  to  tbeir  or^^inal 
dimenstons  after  heating  unless  they  are  wdl  annealed  before  test 
This  means  that  the  cooling  curve  does  not  coincide  with  the 


Flo.  36. — CtMi 


heating  cnrve,  and  may  lie  above  tx  below  the  heating  curve,  or 
may  intersect  it,  depending  on  the  material. 

Since  the  specimens  of  Series  IX  were  in  the  hard  condition  (not 
annealed) ,  it  is  not  surprising  to  find  that  these  sam^es  did  not 
return  to  their  original  lengths  and  that  the  cooling  curves  did 
not  coincide  with  the  heating  curves.  It  should  be  remembered, 
however,  that  the  deviations  between  the  heating  and  cooling 
curves  are  very  small. 

3.  SERIES  m:  SBCTIOHS  Ot  COPPER.ZXRC  CASTIHOS 

Series  III  includes  73  simples  cut  from  18  castii^&of  oopper-zinc 
alloys,  the  compositkins  of  which  correspond  to  tiiose  of  Series  IL 
Prom  each  casting,  four  q>ecimens  were  cut  as  shown  in  thedi^ram 
(Fig.  26). 
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A  and  D  represent  outside  sections,  aad  B  and  C  inside  sections. 
All  the  samples  except  S332  and  S333  (cut  from  i  ^-inch  castings) 
were  cut  from  2-inch  castings.  It  should  be  noted  that  the 
sainples  of  Series  13  were  obtained  from  castings  similar  to  those 
<rf  Series  III,  which  castings  were  treated  as  described  is  the 
first  pai^rafdiof  Series  II  <p.  109).  S313A1  S313B,  S313C,  and 
S313D  of  Series  III  have  the  same  chemical  composition  as  S313 
of  Series  II,.  and  in  HIk  majmec  fc^  tberother  spedmeas  0$  this 
series. 

The  following  table  gives  the  compo^tioii,  the  temperature  range 
of  the  thennal  expansion  test,  the  values  of  a  and  b  of  the  general 
quadratic  equation 

Lt-L„ii+at  +  bf), 

the  probable  error  of  Z^,  and  the  instantaneous  coefficients  at 
every  sp"  from  50  to  250"  C. 
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The  observations  on  faor  of  the  above  samples  were  plotted, 
and  the  ctirves  obtained  are  shown  in  Fig.  27. 

Similar  to  Series  II,  tiie  coeffidenta  of  this  series,  in  general, 
increase  with  a  decrease  in  the  copper  content  of  the  casting. 


5 

s 

^^ 

\, 

\ 

.  1  • 

!i 

0    « 

\ 

\ 

^^ 

\^ 

v\ 

\, 

\ 

> 

VN 

3 

\^ 

s\ 

\ 

\ 

\^ 

n\ 

\^ 

k\ 

\, 

\ 

\^ 

^^ 

s 

w 

\^ 

\ 

\ 

\\ 

\ 

\^ 

\^ 

.»,- 

i 

Hi»Nn  ixttn  Mid  wtNoniw  m  nokhwxi 
The  f oUowii^  trmthy^Tiflt'c^'l  relations  between  the  instRn t!^ti^<>ns 
coefficients  and  the  copper  content  of  the  castings  were  derived. 
In  dedudog  these  equations,  the  sections  of  the  four  leaded 
castings,  S327  to  S330,  and  those  of  the  two  castings  containing 
tin,  S333  and  S333,  were  neglected,  for  these  samples  contained 
20183*-^! S 
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lai^e  amounts  of  lead  and  tin,  respectively,  whicli  were  added 

intentionally. 

OUTSIOS  SBCnONS 

o  B(i  =  (29.39r— 0.23978  Cu  +  0.0011741  Cu*±o.o7)  10"* 
fliin  ""  (29.023  —  .20604  Cu+  -0009006  Cu'±  .06)  ro"* 
•'iw" (28.646—  ,17212  Cu+  .0006263  Cu'±  ■f>5)  10"* 
«»eo"(29.250—  ,16345  Cu+  .0005105  Cu'±  .06)10"" 
«»»"  (28.543-   .12104  Cu+   .oooi83oCu»±  .08)10-* 

INSIDE  SBCnONS 

o  ii)~(29-533-o.24272  Cu+0.0011871  Cu'±o.o7)  lo"* 
a,M— (29.371-  .21524CU+  .ooo9569Cu*±  .06)  io-° 
OiM"(29.207-  .18780CU+  .ooo7269Cu'±  .04)10-* 
a»oB  — (29.704—  .17729  Cu+  .0006029  Cu*±  .05)10-* 
<*«(»  =  (29. 23 7-  .14192  Cu+  .0003222  Cu*±  xA)  lo"* 


Fn.  *8. — A*ia<wMM  ifteam 


of  two  Kctivu  (A   luul  D)  ■] 
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ma  A  maX  tlM  dut^  (ym^iob  thMc  ol  •cniooi  D. 


llw  U^  lymbol*  1 
When  tbc  Tihu 

These  equations  apply  for  copper-zinc  castii^,  the  copper 
content  of  which  varies  from  62,1  to  97  per  ceSit,  In  each  case 
the  last  term  of  the  parenthesis  represents  the  probable  error  in 
the  value  of  the  coefficient  as  determined  from  the  corresponding 
equation. 
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Pig.  28  represents  graphically  the  instantaneous  coefficients  of 
the  outside  sections  at  every  50°  from  50  to  250°  C,  and  Fig.  29 
the  coefficieDts  of  the  inside  sections. 

In  general,  the  residuals  of  this  series  are  not  as  large  as  those 
of  Series  II. 

Frcon  an  examination  of  Figs.  28  and  29  it  is  seen,  as  was 
the  case  for  the  cold-rolled  alloys  of  Series  II,  that  the  instan- 
taneous coefficient  of  a  copper-zinc  casting  of  high  copper  content 
is  not  affected  by  a  temperature  change  as  much  as  that  of  a 
casting  of  low  copper  content. 

In  Series  II  the  aven^  residuals  of  the  cold-rolled  alpha  beta 
brasses   (S321    to  S324,  inclusive)    exceed  the  probable  errors. 


PCR   CCKf  COtMR 

Fio.  99. — Rtlatiom  bttwMti  intta»tantous  cotfficietttt  and  copper  conlmt 
TbiB  light  ifUiljub  r^icwut  the  obmred  rahiM  ti  ■*^i'^*f  B,  ad  tl 
Vbtn  Ike  nJBii  td  two  ««clkiB»  IB  and  C>  u«  cotnl  or  ntulr  •< 


The  residuals  of  the  alpha  beta  castings  of  Series  III,  however, 
are  generally  less  than  the  probable  ernns,  which  shows  that  this 
group  of  castings  is  in  close  agreement  with  the  derived  quadratic 
equatimis. 

The  instantaneous  coefficients  of  the  two  castings  (S332  and 
S333)  which  contain  tin  were  found  to  be  usually  greater  (devia- 
tions somewhat  more  than  the  probable  errors)  than  the  theoretical 
values  of  alloys  of  ccaresponding  copper  content  (but  without  tin). 
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Most  of  the  instantaneous  coefficients  of  the  leaded  castings, 
S327  to  S330,  are  less  than  the  theoretical  values.  The  average 
deviatiwis  are  as  follows: 

TABLE  19.— DOTUtionsofLeidttdCutiiigs 


XIV 

CNiltto 

MCttai 

M4 

a.ia 

no 

As  was  the  case  in  Series  II,  these  deviations  exceed  the  probable 
errors  and  are  attributable  to  added  lead. 

The  coefficients  of  the  specimens  which  were  reheated  agree 
fairly  well  with  those  of  the  first  heating,  the  maxitnum  variation 
being  ±0.15  X  io~*.  In  most  cases  the  coefficients  were  lower  on 
the  second  heating.  It  may  be  possiUe  to  aj^ly  the  equations 
(given  on  p.  122)  to  calculate  the  instantaneous  coefficients  of 
copper-zinc  castings  on  second  heatu^s  without  introducing  large 
errors. 

TABLE  20.— Chango  in  Lo^  after  Teat 


The  cooUng  curves  of  this  series,  as  in  Series  II,  did  not  coincide 
exactly  with  the  heatit^  curves.  Unlike  Series  II,  however,  the 
maapiiitmi  variation  did  not  always  occur  at  room  temperature. 
At  any  given  temperature  from  room  temperature  to  300"  C  the 
variation  did  not  exceed  ±  70  mitlionths  per  unit  length  (except 
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S320C,  which  showed  a  variation  of  +130  millionths  at  206°  C). 
The  precediiig  table  gives  the  differences  between  the  lengths  after 
cooling  to  room  temperature  and  the  original  lengths  of  the  speci- 
mens of  this  series. 

The  heating  and  cooling  curves  of  the  four  samples  which  were 
reheated  coincided.  These  specimens,  therefore,  returned  to  the 
same  lex^ths  they  had  before  the  second  heating.  The  first  heat- 
ing evidently  had  an  annealing  effect. 

4.  8BRIES  IV:  ETISUDBD  AUD  HOT-ROILED  COPna-aHC  ALLOTS 

In  this  series  tiiere  are  eight  specimens  of  extruded  copper-zinc 
alloys,  the  copper  content  of  which  varies  from  56^  to  61.4  per 
cent,  and  four  samples  of  hot-rolled  alloys. 

Extruded. — Three  specimens  were  extruded  at  0.265  inch,  and 
three  having  corresponding  compositions  were  extruded  at  0.265 
inch,  drawn  to  0.256  inch,  annealed,  and  finished  hard  at  one- 
fourth  inch.  The  remaining  two  spedmens  (S343E  and  S343ED) 
containing  61.4  per  cent  copper  were  extruded  at  nine-sixteenths 
inch.  One  of  these  waa  th«i  drawn  to  0.300  inch,  annealed,  and 
finished  hard  at  one-fourth  inch.  The  specimens  madced  "E" 
were  extruded,  and  those  marked  "ED"  were  drawn,  annealed* 
and  finished  hard  after  being  extruded. 

Hot-Rolled. — The  method  of  wwldng  these  samples  before 
the  thermal  expansion  tests  is  given  in  the  following  table: 
TABLE  21.— TiMtmsitl  Bcfcn  B^ansioa  Taats 


Im-btatKt 

HMIwlttwvktiw 

«41B 

■Mian 

8M4H 

SM4HD 

BM-NIM  ta«  IM  iaAM  ^H«  la  IM  hm  la  K-bKb  4lMMM(,  dnwB  l«  0.Z5C  iDcl^  n- 

bmM,  and  flaUiM  bud  M  ^t  iDck. 
bMOtd  Ina  IM  IkKm  ivoan  to  M-tocK  dmifat. 

rad  Balriwd  b<ud  M  M  tab. 

The  specimens  marked  "  H  "  were  hot-rolled,  and  those  marked 
"  HD  "  were  drawn,  annealed,  and  finished  hard  after  being  hot- 
rolled. 

Table  22  gives  the  composition,  the  temperature  range  of  the 
thermal  expansion  test,  the  values  of  a  and  6  of  the  general  quad- 
ratic equation 

Lt  =  Lo  (j+at  +  bt^), 
the  probable  error  of  Lj,  and  the  instantaneous  coefficients  at 
every  50°  from  50  to  250°  C. 
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TABLE  22.— Snndui;  of  ValoM  «f  SacUa  IV 


Alvba   ball 
Alpka   ball 


Ifha   bat 

bOH. 

Alfha   bat 


Alpba 

bOM. 

Alpha 


SHIH... 
K4IHD. 
8344a... 


Curves  showing  the  relation  between  the  instantaneous  coef- 
fideuts  and  the  temperature  from  50  to  250^  C  are  given  in 
Fig.  io- 
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The  large  oumber  of  varyit^  elements  makes  it  impossible  to 
definitely  detemune  tbe  ^ect  of  each  on  the  value  of  the  coef- 
ficient of  expansion.  In  general,  a  decrease  in  the  copper  content 
causes  an  increase  in  the  coefficient. 

Ai<PHA  Bbta  Brass.— S34^£  and  S34gED.—T\x  drawn  sped- 
men  has  greater  coefficients  below  140  (approximately),  and 
smaller  coefficients  above  140''  C  than  the  extruded  sample. 
At  about  140°  C  the  coefficients  of  these  specimens  are  equal, 
and  thenefcKs  the  temperature-coefficieat  curves  intersect  at  that 
temperature.  At  50  and  250°  C  the  difEerences  are  0.34. and  ; 
0.28  X!0~*,  respectively.    Annealing   and  drawing  seem  to  have  ' 
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much  less  effect  on  the  coefficients  of  this  extruded  alloy  than 
on  the  alloy  with  614  per  cent  copper.  The  latter  alloy  has 
2.5  per  cent  more  lead  than  the  former.  The  curve  of  S343E 
(copper  61.4  per  cent)  Kes  between  tiiese  two  curves.  The 
ma:dmam  variation  of  the  former  from  either  of  the  otber  two 
curves  occurs  at  250*  C  and  is  0.22  X  icr'. 

S341H  and  S341HD. — At  about  140*  C  the  rates  of  expansion 
of  the  iKit-rDlled  and  the  drawn  samples  are  the  same.  Below 
this  temperature  the  instantaneous  coefficients  of  the  drawn 
sample  are  \ts&  than  those  of  the  hot-roSed,  and  above  this 
temperature  the  latter  is  less  than  the  former.  The  maximum 
difi^cnce  in  the  coefficients  is  0.24  X  io~*. 
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AuHA  Beta  Brass  Containing  Lbad. — S343E  amd  S343ED. — 
The  dra'im  sample  has  lower  instantaneous  coefficients  of  expan- 
aon  than  the  extruded.  At  50'*  C  the  diffenence  in  the  coeffidents 
is  0.58  X  10^.  This  difierence  incieases  with  inocue  of  tem- 
perature, and  is  equal  to  0.91  X  lO**  at  250*  C.  Annealing  and 
drawii^  of  this  aDoy,  therefore,  caused  a  marked  diminution  in 
the  instantaneous  coefficientfl. 

AtPHA  Beta  Brass  Containino  'tm.~^345E-  and  Ss45^^- — 
These  spedmens  differ  in  composition  from  the  prscediiig^oiies  of 
this  series  in  the  folkVwing  respects : 

(a)  Tliey  contain  considerably  less  lead. 


^ 

7 

i 

1 1^ 

^ 

" 

/ 

1 

X 

y 

^ 

■^ 

-^ 

( 

►-- 

>- 

^ 

1 

^ 

^ 

.«»-  .»_ 

: 

FlO.  31. — Tktrmal  txpaiuion  of  hot-nUtd  brait 

(b)  They  contain  an  appreciable  amount  of  tin; 

The  ooelG&cieQts  of  the  drawn  sample  are  less  ibfin  tbqac.  of  the 
extruded.  At2so^Ctbedifieireiiceintfaecoefficientsiso.iSxiOT*. 
This  difEo'eace  incieases  very  slowly  with  decrease  jn  temperature 
and  is  equal  to  0.34  x  lo-*  at  50"  C.  Fot  this  alloy,  ayprpKn^  and 
drawing,  al^  caysed  a  diminution  in  the  ttistantftTiPQiis  oo^fficteiits, 
but  considerably  less  effect  t^n  vra^  produced  m  tlie  flJJoy  ,vtt^ 
61 .4  per  cent  copper.  ;  •. 

S344H  and  $344HD, — These  two  sturplea  also  <»f  tain.  tin.       . 

The  iqstaAtaneoius  coefficients  of  the' drawn  sample  are  less.thajqi 
those  of  the  hot-rolled.    At  50"  C  the  difierence  in  the  coefficients 
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is  1.03  X 10-*.  This  djfferenGe  decreases  with  temperature  and  is 
0.66  X  10-^  at  250°  C.  AnneaHng  and  drawing  of  the  hot-rolled 
specimen  containing  0.71  per  cent  tin  caused  the  greatest  change 
in  the  vahies  of  the  instantaneous  co^dents  of  hot-rolled  samples 
of  Series  I  and  IV,  probably'  due  to  the  cunoont  of  tin  cMttained 
in  the  aOoy. 

The  hot-ToQed  specimen  (S344H)  was  heated  to  324*"  C  in  aoi 
electric  air  furnace.  The  Obaervatkmswereptotted,  and  tJje  curves 
shown  in  Pig.  31  were  otitazned.  It  was  iittpossible  to  deHve  a 
second  degree  equiriJon  ap^dicable  over  the  eirtire  temperatiu% 
range.  Average  coefficients  of  expansion  are' given  in  the  follow- 
ing table: 

TABIS  23.— Coefficients  of  ]^pui*l«i    - 


issz. 

^TDSiir 

♦c 

X10-* 

n-in 

».7 

iw-ao 

a.T 

M^aa 

1810 

xa-m 

».9 

«»-ia> 

40.B 

The  coefficients  increase  -with  temperature.  Above  400"  C 
the  coefficient  increased  -very  rapidly.  The  rate  of  expansdon 
between  400  and  500^  C  was  equal  to  about  two  times  the  rate 
between  room  temperature  and  100°  C.  The  sudden  increase  hi 
the  coefficient  indicates  that  a  polymorphic  chaise  oocttrred  in 
the  alloy.  It  should  be  norted  that  the  average  coefficients'  from 
100  to  300°  and  200  to  300^  C  are  practical^  equal  to  the  instan- 
taneous coefficiaits  at  150  and  350°  C,  respectively'.      - .'    :' 

The  observotiotig  cm  cooling  He  considerably  above  lAie  htetii;^ 
curve.    The  average  coefiBcients  of  cootractiaD  are  a»i611ows: 

:  >  TA^LR  24.— CoeOdiptt  of  Coptnctko  . 


■■  "■ 
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r'stsr 

■c 

400-300 
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On  cooling  to  room  temperature,  this  specimen  was  found  to  be 
0.39  per  cent  l(mger  than  bef<»%  the  test 

After  the  test,  another  micrograph  was  made  of  this  sam|de 
(Pig.  32}.  This  record  shows  how  c(miplet£ly  tint  structure  has 
been  changed  from  that  of  the  hot-rolled  rod  bef(K%  the  test. 
(See  micrograph  Fig.  13.)  The  change  indicates  that  the  grains 
have  become  equiaxed,  in  other  words,  the  metal  has  been  thor- 
oughly annealed.  The  rate  of  expansion  increased  abruptly  at 
about  400°  C,  due  to  the  b^inning  of  this  change  in  structure. 

Alpha-Beta  Bronze  Containing  Tin  and  Ikon. — S346E  and 
S346ED. — ^These  samples  contain  0.09  per  cent  manganese  (not 
present  in  the  other  samples  of  this  series)  and  comparatively  large 
percentages  of  iron  and  tin. 

The  instantaneous  coefBcients  (A  the  drawn  sample  are  consid- 
erably less  than  those  of  the  extruded.  At  50**  C  the  difference 
in  the  coefiScients  is  0.54X10—*.  The  difference  increases  very 
rapidly  with  increase  in  temperature,  as  shown  in  F^.  30  and 
by  the  lai^e  differential  rate  of  expan^tm  dat—a—a'+2t  (b—b'), 
where  a  and  b  are  the  coefficients  in  the  expansion  equation  of  the 
extruded  specimen  and  a'  and  6'  the  coefficients  of  the  drawn 
sample.    The  differential  rate  of  expan^n  for  these  specimens  is 

d(i(-[o.28+2(  (0.00261)]  lO"* 
—  (0.28+6.00522O  lO"*. 

At  a50°C  thedifiereoce  in  the  coefficientsisi.59X  lo-*.  Anneal- 
ing and  drawing  of  this  aUoy  produced  the  greatest  changes  in 
thecoefficientsof  the  alloys  of  this  series.  It  is  interesting  to  note 
that  this  treatment  on  the  extruded  alloy,  S346E,  produced  a 
sample  the  coefficients  of  which  are  practically  equal  to  those  of 
S345E  (corves  of  S346BD  and  S34JE  coincide),  which  specimen 
contains  less  copper,  lead,  iron,  and  tin  (and  no  vienganesej. 

The  cooling  curves  of  S343E,  S343ED,  and  S341H  lie  below 
the  heating  curves,  and  those  of  S342E,  S345E,  S345ED,  S346E, 
and  S344H  lie  above  the  heating  curves.  The  cooling  curves  of 
the  other  spedmens  in  the  series  intersect  the  tn-g^lng  oirves. 
The  maxtmum  variation  between  the  cooling  and  heating  cttrves 
occtined  at  room  temperature,  except  for  the  following  two 
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Fig.  32. — Alpha  beta  bran  containing  tin,  after  healing  to  ^34°  C.     X7i 
Copper  ba.ii.  imc}E.M,  tin  a. 71.  ksd  0.10,  iron  0.01  (navKlbnui) 
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After  cooUi^  to  room  temperature,  the  variatioii  in  length  from 
the  original  length  was  found  to  be  as  follows: 


TABLE  26.— ChugM  la  Udgtb  Afiv  iMt 

IMmt^oambK 

UniiM 

Eibiid*a 

+  ■«§ 

Pvom 

mn 

LiAMMXTDOmlMt 

Bit-nIM 

°Hr 

Pmemt 

»..« 

For  the  drawn  specimens  the  deviations  of  the  cooling  curves 
£rom  the  heating  curves  are  less  than  the  corresponding  deviations 
for  the  extruded  samples.  Annealing  and  drawing  of  the  extruded 
alloys  evidently  tend  to  make  the  cooling  curves  approach  the 
heating  corves. 

The  differences  in  the  changes  in  length  at  room  temperature 
(aee  preceding  table)  between  the  extruded  and  drawn  samples 
are  comparable  to  the  corresponding  diffeienccs  in  the  coeffi- 
cients of  the  extmded  and  drawn  samples.  For  S34Z  and  S345 
the  differences  in  both  cases  are  small,  but  for-S343  and  S346 
the  reverse  is  true.  In  the  latter  (S346),  the  difference  in  the 
changes  of  let^[th  between  the  extruded  and  drawn  samples  is 
0.036— 0003— ox>34  per  cent,  which  is  the  greatest  difference  in 
this  series.  The  greatest  difference  in  the  coefficients  of  expan- 
sion between  the  extruded  and  drawn  samples  was  observed  in. 
this  alloy. 


Digitized  byGoOgle, 


132  Scientific  Papers  of  the  Bureau  of  Standards  {vm.  17 

5.  SERIES  7:  COLD-ROLtffi}  COFFER-TIN  ALLOTS 

Series  V  includes  four  samples  of  copper  tin  alloys  (alpha 
bronzes),  cold-rolled  from  ij^-inch  chilled  castings  to  twenty-one 
thirty-seconds  inch  round,  cold-drawn  to  0.300  inch,  annealed,  and 
finished  hard  at  one-fourth  inch. 

The  following  table  giyes  the  composition,  the  temperature  range 
of  the  thermal  expansion  test,  the  values  of  a  and  b  of  the  general 
quadratic  equation 

Lt-L.  U+at+bt*), 

the  probable  error  of  Lt,  and  tfae  instastaneons  coefficients  at 
every  50*  from  50  to  250°  C. 

TABLE  27.— StnuHiT  of  ViloM  oi  Swioa  V 


a 


For  this  series  it  was  also  foimd  possible  to  derive  quadratic 
equations  showing  the  relation  between  the  instantaneous  coeffi- 
cient at  a  given  temperature  and  tiie  copper  (or  tin)  content  of 
these  alloys,  if  the  comparatively  small  amount  of  phosphorus 
is  conadered  negligible.  The  instantaneous  coefficients  of  cold- 
rolled  copper-tin  ^loys  (89.7  to  95.4  per  cent  copper)"  at  every 
50*  from  50  to  250*  C  may  be  calculated  from  the  following  equa- 
tions, derived  by  the  method  of  least  squares: 

o»    -(35.492-0.32422  Cu+o.OQi3737,Cu*  ±0.11)  lof* 
*)••  "(26.056-  .i075aCu-l-  ,0001 793  Cu  *  ±  ..iq).  ip-*.    - 
OiM  -(26-840-  .11263  Cu-!-  .0001877  Cu'i:  -ip)  lO^'. 
Om  -(38.04a-!  .34214  Cu-I-  .ooi4036Cu'i  -M)  IP"^      .    , 
a,M  =(28.601-  -.  12 S44.CU+  .0002091  Cu»±  .12)10"'.-       , 

Fig.  33  represents  graphically  the  instantaneous  coefficients  at 
every  50°  from  50  to  250°  C. 

As  was  the  case  in  Series  H  and  HI,  the  instantaneous  coeffi- 
cients of  these  alloys  increase  with  a  decrease  in  the  copper  content. 
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From  Fig.  33  it  is  seen  that  the  curves  are  nearly  parallel.  A 
given  increase  in  temperature,  therefore,  will  cause  approximately 
the  same  change  in  the  instantaneous  coefficients  of  alloys  of  this 
series  within  the  range  89,7  to  95.4  per  cent  copper.  For  example, 
the  change  in  the  computed  values  of  the  instantaneous  coeffi- 
cients at  100  and  150°  C  of  the  alloy  containing  89.69  per  cent 
copper  is  0.39  X  io~*,  and  the  corresponding  change  for  the  alloy 
containiiig  95.40  per  cent  copper  is  0.37x10"*.  These  chaises 
are  approximately  the  same. 

The  cooling  curves  of  the  specimens  of  this  series  tie  below  the 
heatia^  curves.  The  maximmn  variation  between  these  curves 
occurred  at  room  temperature,  except  fw  S408  (at  100"  C,  devia- 
tion was  -0.011  percent).  After  cooling  the  specimens  were  found 
to  be  about  0.008  per  cent  shorter  than  before  the  tests. 


3 


PtfOJtiiTl  co«»Pe(i 
Flo.  33. — Rtiationj  bttwtm  imtankmtou*  cotgieUmU  aiul  eopptr  conttiU 
«.  SBRIBS  Vk  SBCTIOVS  Of  COPPEtUTIS  CASTINOS 

Series  VI  includes  16  samples  cut  from  4  castings  {1%  inches) 
of  copper-tin  alloys  (alpha  bronzes),  the  compositions  of  which 
correspcmd  to  those  of  Series  V.  From  each  casting,  four  speci- 
mens (A,  B,  C,  D)  were  cut  similar  to  the  sections  of  Series  III. 
(See  p.  1 1 6.)  The  samples  of  Series  V  were  obtained  from  castings 
like  those  of  Series  VI,  which  castings  were  cold-rolled  to  twenty- 
one  thirty-seconds  inch  round,  cold-drawn  to  0.300  inch,  annealed, 
and  finished  hard  at  one-fourth  inch.  S409A,  S409B,  S409C,  and 
S409D  of  Series  VI  have  the  same  chemical  composition  as  S409 
of  Series  V,  and  in  like  manner  for  the  other  samples  of  this  series. 


Digitized  byGoOgle 


134  Scieniific  Papers  of  the  Bureau  of  Standards  ivnt-n 

The  composition,  the  temperature  range  of  the  thermal  expan- 
sion test,  the  values  of  a  and  b  of  the  general  quadratic  equation 

the  probable  error  of  Lt,  and  the  instantaneous  coefficients  at 
every  50"  from  50  to  250*  C  are  given  in  the  following  table: 

ofValuMof  S«riMVI 
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.VKi         3  17. 


o  Kcnilts  on  ■etmd  hatini. 

The  derived  equations  giving  the  relation  between  the  instan- 
taneous coefficient  at  every  50°  from  50  to  250°  C  and  the  copper 
content  of  these  castings  are  as  follows: 

OUTSIDE  SECTIONS 
0.8  =-(  +  37-776-0.37966  Cu+o.ooi7247Cu*±o.o5)io-* 
Oio«"(  +  4i-783-  .44669  Cu+  .0020292  Cu*±  .06)10"* 
Oiii>-(-52.36o  +  i.6o752  Cu-  .oo9ii95Cu*±  .i3)io"* 
a)M  =  (  +  50-397-  .59*78  Cu+  .0026883  Cu*±  ■14)10"' 
Oi»«-(-92-532  +  2.5i757  Cu-   .oi4i623Cu»±  .23)10-* 

INSIDE  SECTIONS 
Ojii  =■(+  33-580-0.30147  Cu  +  o.oor3695Cu'±o.io)io-* 
aioo  =  (-  16.009+  .77588  Cu-  .0044331  Cu*±  .o8)io-« 
Ois<.='(-  15-622+  .77588  Cu-  .0044331  Cu'±  .07)10-* 
a2oo  =  {-  15-835+  -78703  Cu-  .0044838  Cu'±  .08)10-* 
Oi»o=(-ii4-i9i+2.9i9i8  Cu-    .0159864  Cu'±  .i3)io-* 
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Again,  it  should  be  remembered  that,  as  in  previous  series,  these 
equations  are  not  to  be  applied  beyond  the  proper  limits.  For  this 
series  of  copper-tin  castings  the  Hmits  are  from  89.7  to  95.4  per 
coit  copper. 

The  instantaneous  coefficients  of  the  outside  sections  at  every 
50"^  from  50  to  250°  C,  and  the  coefficients  tA  the  inside  sections 
are  shown  graphically  in  Pigs.  34  and  35,  respectively. 

The  raqxrimuital  values  of  the  instantaneous  coefficients  at  230 
and  200^*  C  of  the  outside  sections  deviate  appreciably  fmn  the 
computed  values,  especially  for  the  castii^  containing  about  92 
per  cent  copper.    The  deviations  of  t^f  j-yppi-imptitgi  ^n^ffit^ents 
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aS.  the  inside  sections  are  generally  smaller  than  those  of  the  out- 
side  sections. 

The  experimental  values  of  the  coefficients  of  sections  A  agree 
with  the  corresponding  values  of  sections  D  much  better  than  do 
the  coefficients  of  sections  B  with  C. 

The  coefficients  of  the  outside  sections  at  50  and  100°  C  are  neaily 
the  same  as  the  corresponding  values  of  the  inside  sections  at  these 
temperatures.  However,  at  higher  temperatures  there  are  appre- 
ciable differences.  The  values  of  the  coefficients  of  the  inside  and 
outside  sections  containing  about  94  or  95  per  cent  copper  arc 
approximately  the  same,  but  for  specimens  with  less  copper  the 
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difEerences  increase  with  a  decrease  in  the  copper  craitcnt  of  the 
castings. 

Most  of  the  cooling  curves  of  the  specimens  of  Series  VI  lie  below 
the  heating  curves.  The  cooKng  curves  <rf  S409A,  S409C,  S406C, 
S40SA,  and  S40SD  lie  above  the  heating  corves.  The  maximum 
variation  between  these  curves  did  not  exceed  ±60  milUonths  per 
unit  length  except  for  S407A  (at  190°  C  deviation  was  - 180 
milHonths  per  unit  length).  After  cooHng  to  room  temperatuie, 
the  average  variation  in  length  from  the  original  lengths  was  ±0.003 
percent. 


Fio.  35- — RtlmUont  bcftowti  iiubtntanmut  cotfficitnts  and  copper  content 


7.  SERIES  Vn:  ALUHINUH  BROVZB 

This  series  contains  two  aluminum  bronzes,  S347H  and  S347HD, 
having  the  following  composition:  Copper,  92.17  per  cent;  alumi- 
ntmi,  7.34  per  cent;  zinc,  0.40  per  cent;  silicon,  0.09  per  cent;  and 
a  trace  of  nickel.  The  first  specimen  was  hot-rolled  from  3  inches 
round  to  one-half  inch  diameter,  and  the  second  sample  was  hot- 
rolled  from  3  inches  round  to  one-half  inch  diameter,  cold-drawn 
to  0.356  inch,  annealed,  and  finished  hard  at  one-fourth  inch. 

The  expansion  equations  derived  for  these  bronzes  are 

S347H       i.t-L„[i+(i5.57*+O-0o805*»±  ^)  io-*\. 
S347HD    Z,t=L„[i  +  (i5.79(+  .00645*  *±  12)  lo-^l- 


Digitized  byGoOgle 


HMMr4  Thermal  Expansion  of  Copper  Alioys  137 

Tbese  equations  are  applicable  between  31  and  319^,  and  from 
19  to  301'  C,  nqMctively. 

The  iuGtantaneous  coefiBdeots  at  every  50°  from  50  to  250°  C 
are  given  in  Table  39' 
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These  alloys  are  the  only  ones  investigated  that  contain 
alutnutum  and  siUcon. 

Below  75*  (approximateiy)  the  instantaneous  coefficients  of  the 
drawn  sample  are  sKgbtly  larger  than  those  of  the  hot-rolled,  but 
for  higher  temperatures  the  coefficients  are  tess,  the  difference  in 
the  coefi&dents  increasing  with<  t^perature.  At  250°  C  this 
difference  is  0.58  x  lo"*.  Annealir^  and  drawing  of  the  hot-roUed 
aluminum-copper  alloy  caused  a  greater  diminution  in  the  coeffi-' 
dents  than  was  observed  in  the  case  of  the  hot-rolled  electrolytic 
copper. 

The  TngyiTniiin  variation  between  the  heatii^  and  cooling  curves 
did  not  exceed  ±70  milUonths  per  unit  length.  After  coolii^  to 
roorti  temperature,  tlie  variations  in  tei^ths  from  the  ordinal 
lengths  of  S347H  and  S347HD  were  found  to  be  -0.002  and 
-l-a.oo2  per  c^tj-re^^ectiv^y. 

The  cold-drawn  aktnunuin-copper  spedmoi  was  reheatea  from 
30  to  302*"  C.    Tbe  equation 

L,-Lo{i  + (16.17* +o.OD533(  *±io)  iQ-^] 

was  found  to  fit  the  observations  on  the  second  heating.    The  last 
term  of  the  parentheses  represents  the  probable  error  of  L,  at  any 
temperature  within  the  rai^e. .  The  following  comparison  gives 
the  instantaneous  coeffidents  on  the  first  and  second  heating: 
TABLBM 
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At  about  150°  C  the  coefifidents  are  equal.  Below  this  tempera- 
ture the  coefficients  on  the  second  heatit^  are  greater  than  those 
of  the  first,  but  at  h^her  temperatures  the  reverse  is  true.  The 
maximum  difference  in  the  coefficients  is  0.25  x  10^. 

8.  RBLATIOV  OF  DENSITY  TO  THERIUX  BZPAHSIOH 

In  order  to  find  a  possible  relation  between  thermal  expansion 
and  density,  it  was  decided  to  examine  the  densities  of  a  number 
of  samples  of  Series  II  and  III. 
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PM.  3$, — RtbH^n  bttwmn  d—tJtji  and  copp*r  eotUmt^eoU  *clitd  oapptr-dMC  aUop 

The  densities  of  16  samples  of  2-inch  cold-rolled  copper-zinc 
alloys  of  Series  II  were  determined  '■  after  the  thermal  expansion 
tests,  and  are  plotted  in  Fig.  36.    The  empirical  equation 

^«-7-36o5+ooi9i47  Cu-0.00003509  Ca* 

gives  the  density  of  a  cold-rolled  copper-zinc  alloy  containii^;  from 
62.1  to  97  per  cent  copper,  and  the  remainder  zinc  with  compara- 
tively small  percentages  of  lead  and  iron.  In  deriving  this 
equation,  where  D^^  is  the  density  in  grams  per  cubic  centimeter 
at  15"  C  and  Cu  is  the  percentage  of  copper  contained  in  the 
alloy  the  four  specimens  (8337,  8328,  S329,  and  S330),  containing 
appreciable  amounts  of  lead,  were  ignored.    The  observed  densi- 
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ties  of  these  four  alloys  are  considerably  greater  than  those  com- 
puted frmn  the  formula,  on  account  of  the  comparatively  large 
dmsity  of  the  lead  constituent.  The  following  table  shows  a 
comparison  between  the  observed  and  computed  densities: 

TABLE  31.— D«iulllM  <a  CoU-RnIM  Conw-Qnc  Alk^ 
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The  probable  errco*  above  is  ±0.004. 

From  the  relations  existing  between  expansion  and  copper 
content  and  between  density  and  copper  content,  it  is  possible 
to  predict  the  expansion  of  a  cold-rolled  copper-zinc  alloy  from 
a  density  determination.  By  substituting  the  observed  density 
in  the  previous  equation  the  copper  content  may  be  found.  The 
instantaneous  coefficient  of  expansion — for  example,  at  100°  C — 
may  be  determined  by  substituting  this  value  of  the  copper 
content  in  the  equation  (p.  1 13) 

c,^ •-(24.673— 0.08794 Cm-o>x>oi253  Cu*±<M>5)icr*, 

The  denaties  (in  grams  per  milliliter  at  iS**  C)  of  the  sections 
of  four  castings  of  Series  III  were  also  detennined.  The  results 
were  found  to  be  as  follows: 
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TABLS  32.— DnultiM  Ot  Swtiau  «f  Soma  CopfBc-Zinc  CuUnga 
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On  cutting  through  the  surfaces  of  S317C,  S321C,  and  S323B, 
inclosed  pores  and  cavities  were  found  to  exist  This  accounts 
for  the  comparatively  low  values  of  the  densities  of  these  sections. 

In  general  the  density  increases  with  an  increase  in  the  copper 
content  of  the  casting,  but  no  defaiite  relation  could  be  found 
for  this  series  of  castings.  The  densities  of  the  cold-rolled  alloys 
(Series  II)  of  corre^Mnding  composttion  are  greater  than  the 
densities  of  these  castings.  In  this  case  cold-rolling  evidently, 
closed  the  pores  and  cavities  in  the  castii^  and  produced  a  more 
compact  alloy. 

VI.  COMPAIUSOIT  OF  RESULTS 

A  discussion  of  each  particular  series  of  samples  has  already 
been  given  at  the  close  of  each  series.  In  this  section,  however, 
it  is  proposed  to  compare  the  various  series  and  indicate  the 
more  obvious  relations  or  differences. 

The  etudes  of  instantaneous  coefficients  of  Series  11  and  III 
were  plotted  on  the  same  scale  and  are  shown  in  Fig,  37.  Since 
the  curves  for  the  inside  sections  are  slightly  below  those  for  the 
outside  sections,  they  were  omitted  in  order  to  avoid  confusion. 
An  examination  of  this  figure  yields  important  facts,  showing 
the  differences  produced  in  copper-zmc  castings  (Series  III)  if 
cold-rolled,  cold-drawn,  annealed,  and  finished  hard  (Series  II). 

In  the  case  of  alloys  containing  63  per  cent  copper,  it  was  found 
that  the  coefficients  did  not  materially  differ  in  cast  and  cold-roUed 
specimens,  and  for  alloys  containing  90  per  cent  copper  a  similar 
agreement  existed.  For  alloys  with  a  copper  content  from  about 
62  to  90  per  cent,  the  cold-rolled  alloys  give  greater  coefficients 
than  the  castings,  and  for  alloys  containing  more  than  90  per 
cent  copper  the  reverse  is  true.    In  the  former  case,  the  Tna-giTnnm 
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deviations  occur  at  about  75  per  cent  copper  (except  at  250°  C), 
and  in  the  latter  case  at  97  per  cent  copper;  that  is,  the  coefficients 
of  expansion  of  castings  containing  75  or  97  per  cent  copper,  if 
cotd-rolled,  cold-drawn,  annealed,  and  finished  hard,  change  more 
than  the  coe&ients  of  castings  containing  other  percentages  of 
copper  between  62  and  97  per  cent.  The  maximum  deviations 
between  the  coefficients  of  Series  II  and  those  of  Series  III  (over 
the  rai^  62  to  97  per  cent  copper)  occur  in  alloys  with  a  copper 
content  of  97  per  cent  (except  at  250°  C).  The  difieEcnoes 
between  the  computed  coefficients  of  a  casting  (Series  III,  outside 
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Fio.  iT.-^ompaTuon  oj  imianloMoiu  coefieUntt  ^  Svritt  II  and  III 

sections)  containing  97  per  cent  copper,.and  of  a  cold-rolled  copper- 
zinc  alloy  (Series  II)  of  the  same  composition,  are  shown  in  the 
following  comparison: 
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The  corresponding  deviations  between  the  two  series  for  alloys 
containii^  75  per  cent  copper  are  given  in  Table  34. 
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Flo.  38. — Companion  of  intiantantotu  cotffidtittt  of  SarUi  V  oad  VI 

Tvg.  38  shows  the  curves  of  instantaneous  coefficients  of  Series 
V  and  VI.  The  curve  for  the  instentaneous  coefficients  of  the 
inside  sections  at  50*  was  omitted  to  avoid  confusion,  for  it  is  very 
close  to  the  corresponding  curve  for  the  outside  sections. 

Some  of  the  essential  differences  produced  in  copper-tin  castings 
(Series  VI),  if  cold-rolled,  cold-drawn,  annealed,  and  finished  hard 
(Series  V),  are  as  follows: 

I.  The  coefficients  of  the  cold-iolled  tin  alloys  are  less  than 
those  of  the  castings;  that  is,  cold  rolling  and  drawing  cause  a 
diminution  in  the  values  of  the  instantaneous  coefficients.  In 
general,  the  difference  between  the  instantaneous  coefficients  <rf 
the  outside  sections  and  the  cold-rolled  specimens  increases  as  the 
temperature  increases. 
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3.  The  instantaneous  coefficients  of  the  inside  sections  and  the 
cold-rolled  alloys,  both  containing  90  per  cent  copper,  are  approid' 
mately  equal.  For  ^)eciniens  containing  from  90  to  95  per  cent 
copper,  the  difference  between  these  coefficients  generally  increases 
with  increase  of  c<^per  content. 

The  following  five  figures  (Figs.  39  to  43,  inclusive)  give  a  general 
graphical  rfeum^  of  the  instantaneous  coefficients  of  the  seven 
series  of  alloys  investigated. 

The  curves  derived  from  the  observations  of  Series  II,  III,  V, 
and  VI  are  shown,  except  several  which  are  omitted  to  avoid 
ccHifu^Mi.  The  curves  of  the  inside  sections  of  Series  III  are  not 
shown,  for  they  nearly  coincide  with  the  correspondii^  curves  of 
the  outside  sections.  The  curve  of  Series  V  at  150^  and  the 
curve  of  the  inside  sections  of  Series  VI  at  50^  were  also  mnitted, 
for  they  are  close  to  those  of  Series  II  and  Series  VI  (outside 
sections),  respectively. 

There  do  not  seem  to  be  great  differences  between  the  curves 
of  Series  II  and  V  and  Series  III  and  V,  respectively.  The  maxi- 
mum deviation  (0.12  x  io~*)  between  the  curves  of  instantaneous 
coefficients  of  Serks  II  and  V  occurs  at  200'^  C  (95.4  per  cent 
cc^)per),  and  the  greatest  difference  (0.12X10^  between  the 
curves  of  Series  III  (outside  sections)  and  Series  V,  at  350"  C 
(about  95  per  cent  copper) . 

For  ^  curves  of  Series  II  and  Series  VI  (out^de  sections)  the 
maximtun  variation  (0.36X10"^)  occurs  at  250*0  (about  93  per 
cent  copper).  The  differences  between  Series  III  and  VI  are 
considerably  less. 

At  so"  the  instantaneous  coefficients  of  S347H  and  S347HD, 
which  contain  about  7  per  cent  aluminum,  are  considerably  below 
the  values  of  Series  II,  III,  V,  and  VI.  With  increasing  tempera- 
ture, to  about  200"  C,  the  values  of  the  instantaneous  coefficients 
approach  those  of  the  alloys  of  these  aeries  containing  the  same 
amount  of  copper.  At  250^  the  instantaneous  coefficient  of  S347H 
is  greater  than  any  copper  alloy  of  these  series  containing  about 
92  per  cent  copper.  The  aluminum  evidently  has  a  great  effect 
on  the  rate  of  expansion. 

At  50*  C  the  values  oS  the  instantaneous  coefficients  of  S340H 
and  S340HI}  (99.97  per  cent  copper)  lie  slightly  below  the  extra- 
polate curve  of  Series  II.  As  the  temperature  increases,  these 
values  gradually  approach  this  curve,  and  then  with  further 
increase  in  temperattue  there  is  a  tendency  to  depart  more  and 
more  above  this  curve.    The  values  of  the  coefficients  of  the 
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nicfeeliferous  and  arsenical  copper  lie  near  the  extrapolated  curves 
of  Series  III  and  above  those  of  Series  II. 

The  instantaneous  coefiBcients  of  the  hot-tolled  and  extruded 
alloys  contajnisg  from  56.4  to  61.4  per  cent  copper,  are  scattered 
more  or  less,  on  account  of  the  comparattvely  large  number  of 
varying  factors.  In  general,  these  values  lie  above  the  extrapo- 
lated curves  of  Sotcb  II  and  III. 

VH.  SUMMARY  AND  CONCLUSIONS 

lu  the  present  investigation  data  on  the  thermal  expansion  of 
128  samples  of  copper  and  its  important  industrial  alloys  of 
various  compo^ons,  heat  treatments,  mechanical  treatments, 
etc.,  are  presented.  The  alloys  contained  irom  56  to  100  per 
cent  copper  and  were  prepared  in  a  number  of  ways — cast,  cast 
and  cold-iolled,  extruded,  extruded  and  cold  worked,  hot-rolled, 
and  hot-rolled  and  cold  worked.  Most  of  the  samples  were 
examined  from  room  temperature  to  about  300*  C.  (Several 
specimens  were  cooled  to  -50*  C  and  then  heated  to  +  300*  C.) 

Practically  all  available  information  on  the  thermal  expansion 
of  copper  and  its  alloys  is  briefly  reviewed. 

A  description  of  the  apparatus  and  the  preparation  of  the 
samples,  etc.,  are  given. 

Definite  mathematical  relations  were  found  to  exist  between 
the  instantaneous  coefficients  of  expansion  and  the  copper  (X>n- 
tent  of  most  of  the  alloys  investigated.  (See  Series  II,  III,  V,  VI.) 
In  general,  the  coefficient  of  expansion  increases  with  a  decrease 
in  the  copper  content.  The  addition  of  lead  or  tin  has  a  decided 
effect  on  the  coefficient;  the  former  element  generally  decreases, 
and  the  latter  increases,  the  coefficient. 

Sbribs  II  AND  III  (CopFBR-ZiNC  Alloys). — In  the  case  of 
alloys  containing  62  per  cent  copper,  it  was  found  that  the  coeffi- 
cients did  not  materially  differ  in  cast  or  cold-rolled  specimens, 
and  for  alloys  containing  90  per  cent  copper  a  similar  agreement 
existed.  For  alloys  with  a  copper  content  from  about  63  to  90 
per  cent,  the  cold-rolled  aiUoys  have  greater  coefficients  than  the 
castings,  and  for  alloys  containing  more  than  90  per  cent  copper 
the  reverse  is  true.  The  coefficients  of  the  inside  sections  of  the 
castings  are  generally  slightly  less  than  those  of  the  outside  sec- 
tions. A  relation  exists  between  the  density  and  thermal  expan- 
sion of  the  cold-rolled  copper-zinc  alloys  of  Series  II. 

Sbribs  V  and  VI  (Copper-Tin  Alloys).— The  coefficients  of 
the  cold-rolled  tin  alloys  are  less  than  those  of  the  castings.    Cold- 
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WAVE-LENGTH  MEASUREMENTS  IN  ARC  SPECTRA 

PHOTOGRAPHED  IN  THE  YELLOW, 

RED.  AND  INFRA-RED 

By  F.  M.  WJten.  Jr. 

ABSTSACT 

For  several  yean  tlie  Bureau  of  Standards  has  been  conducth^  grating  measuiements 
in  red  luid  infra-red  arc  spectra  by  tlie  aid  of  ipecially  sensitized  photographic  plates 
to  improve  the  data  in  this  regioa  and  to  find  some  element  which  would  furnish 
lines  suitable  for  wave-length  standards  in  this  region.  To  the  15  elements  already 
measured  the  foltowing  are  here  added:  8ilver,  aluminum,  gold,  bismuth ,  cadmium, 
mercury,  lead,  antimony,  tin,  and  zinc. 

The  wKVe-length  measurements  are  in  the  international  system  and  are  given  to 


The  elements  were  brought  to  luminotdty  by  inserting  a  sample  in  copper  or 
graphite  electrodes  between  which  the  arc  was  maintained.  The  grating  used  had 
399  lines  per  millimeter  and  a  640-cm  radius.  The  spectra  were  pbotc^irapbed 
in  the  first  order  on  plates  sensitized  with  pinacyanol  or  dicyanin.  The  comparison 
spectrum  was  iron  in  the  fiist,  second,  or  third  order,  and  in  the  reductions  the  wave 
lengths  established  by  interference  methods  were  used. 

Impurity  and  spurious  lines  must  be  looked  for  very  carefully.  It  is  necessary 
to  describe  exactly  the  source  of  light  and  specify  the  observing  conditions.  The 
accuracy  possible  in  wave-length  measurements  from  the  direct  photography  of 
normal  spectra  exceeds  that  in  measurements  from  phosphor  photography  and  bolom- 
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I.  INTRODUCTION 

Several  years  ago  the  Bureau  of  Standards  b^an  a  program  of 
grating  measurements  of  the  red  and  infra-red  arc  spectra  of  the 
chemical  elements.     The  ptupose  was  to  find  some  element  which 

161 


Digitized  byGoOgle 


I62 


Scientific  Papers  of  the  Bureau  of  Standards 


would  furnish  lines  suitable  for  wave-length  standards  in  this 
r^on,  and  also  to  improve  the  data  on  arc  spectra  with  the  aid 
of  specially  sensitized  photographic  plates.  Wave-length  meas- 
urements in  spectra  obtained  by  photography  have  already  been 
published  for  25  elements,  namely,  lithium,  sodiimt,  potassium, 
rubidium,  caesiiun,  copper,  berytUum,  calcium,  strontium,  barium, 
aad  magnesium; '  iron,  cobalt,  and  nickel;*  helium;*  neon;* 
krypton  and  xenon ;  *  titanium,  vanadium,  chromium,  manga- 
nese, molybdenum,  tungsten,  and  uraniiun.*  The  greater  the 
number  of  elements  which  have  been  measured  the  easier  it  is  to 
ehminate  the  impurity  lines  in  the  observed  spectrum  of  the 
next.  Only  in  this  way  can  the  true  spectra  which  are  charac- 
teristic of  each  element  be  ultimately  determined. 

This  paper  is  a  continuation  of  the  program  and  presents  wave- 
length measurements  in  international  Angstrom  units  in  the  spectra 
of  silver,  aluminum,  gold,  bismuth,  cadmium,  mercury,  lead, 
antimony,  tin,  and  zinc  from  wave  lengths  5500  A  to  about 
10  000  A. 

n.  APPARATUS  AND  METHOD 

The  Anderson  grating  employed  in  this  work — ^radius  of  curva- 
ture, 640  cm,  and  299  hnes  to  the  milhmeter — is  mounted  in 
parallel  light '  and  has  a  dispersion  in  the  first  order  of  about 
10  A  per  millimeter. 

Plates  8  inches  long  were  used  so  that  a  wave-length  interval 
of  2000  A  was  recorded  in  one  exposure  to  the  first  order  spectrum. 
The  photographs  were  made  on  Seed's  23  and  Seed's  30  plates 
sensitized  to  the  long  waves  by  staining  in  dye  baths  containing 
water,  alcohol,  and  ammonia.  The  dye  used,  the  time  of  exposure, 
the  current  In  the  arc,  and  slit  width  for  the  various  regions  are 
given  in  the  following  table : 


RXkm 

■" 

^ 

Cunvnt 

S^ 

HhwtM 
20-60 

45-100 

300 

AavuM 

7J 

mm 

640D-M0OA. 

•  B.  8.  Sd.  Papen.  IS,  p 

•  B.  S.  Sd.  Pkpen.  16,  p 
'B.&.BuU.,l«,p.}7i;  If 
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The  overlapping  second  and  third  orders  were  screened  out  by 
a  cell  of  potassium  bichromate  or  a  piece  of  Jena  red  glass. 

On  account  of  the  relatively  low  melting  points  of  most  of  the 
metals  used  in  this  work  it  was  impossible  to  employ  electrodes 
of  the  metals  themselves,  so  they  were  brought  to  luminosity  by 
inserting  a  sample  in  a  hole  bored  in  one  of  two  copper  or  graphite 
terminals  between  which  the  arc  was  maintained.  Copper  rods 
about  7  mm  and  graphite  rods  12  mm  in  diameter  were  used  with 
the  positive  electrode  below,  and  the  arc  was  fed  with  direct 
current  from  a  power  line  of  240  volts.  The  average  length  of 
the  arc  was  about  6  mm,  and  light  from,  the  central  portion  was 
focused  on  the  slit  of  the  spectrograph  by  means  of  a  lens  so  placed 
as  to  give  a  threefold  magnification.  The  use  of  copper  electrodes 
for  spectTOgraphic  analysis  offers  certain  advantages  over  the  older 
practice  of  using  electrodes  of  carbon  or  graphite,  in  that  very 
pure  copper  can  readily  be  obtained  and  its  spectrum  tn  the 
region  of  longer  waves  is  comparatively  simple,  so  that  there  is 
less  chance  of  being  confused  with  lines  due  to  the  electrodes  and 
impurities.  Spectroscopic  analysis  of  the  graphite  employed  in 
ttus  work  showed  that  the  alkaU  metals,  alkaline  earths,  and  iron, 
titanium,  and  vanadiimi  were  present  as  impurities.  Graphite 
electrodes  were  frequently  used,  especially  in  cases  where  it 
appeared  that  copper  lines  were  nearly  coincident  with  lines  due 
to  other  elements  and  might  thus  interfere  with  the  accurate 
measurement  of  the  latter. 

In  either  case,  whether  copper  or  graphite  electrodes  were  used, 
the  intensity  of  the  spectrum  of  copper  or  of  carbon  and  its  im- 
ptuities  was  somewhat  reduced  by  keeping  the  positive  electrode 
loaded  with  the  metal  under  investigation,  so  that  the  arc  stream 
was  always  charged  with  the  vapor  of  the  element.  When  this 
condition  existed  for  the  elements  dealt  with  in  this  work,  the 
arc  made  a  loud  hissing  sound  and  also  exhibited  colors  in  core 
and  aureole  which  are  more  or  less  characteristic  for  each  of  the 
metals.  If  the  arc  burned  much  more  quietly  and  showed  that 
only  the  imdesirable  spectrum  of  copper  or  of  graphite  was  being 
produced,  the  circuit  was  broken,  a  new  supply  of  metal  was 
placed  in  the  crater,  and  the  arc  was  again  struck.  The  relatively 
low  boiling  points  of  the  metals  under  discussion  and  the  rapidity 
with  which  most  of  them  oxidize  made  it  necessary  to  feed  the 
arc  at  short  intervals  of  time,  so  that  in  some  cases  100  or  more 
grams  of  metal  were  consumed  in  making  a  five-hoiu-  exposure. 
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For  the  comparisoo  spectrum  electrodes  of  Norwegian  or  electro- 
lytic iron  were  used  under  the  conditions  recommended  by  the 
International  Wave  Length  Committee.' 

The  plates  were  measured  on  a  large  Gaertner  engine,  first  with 
the  scale  reading  increasing  with  the  wave  length,  and  then  re- 
versed, so  as  to  eliminate  personal  error  in  setting  on  lines  of 
different  intensity  and  width.  TTie  iron  in  the  first,  second,  or 
third  order  served  as  the  reference  spectrum,  and  in  the  reductions 
the  wave  lengths  determined  by  interference  methods*  were  used. 

Lines  due  to  impurities  were  eliminated  from  the  spectra  by 
reference  to  Kayser's  Handbuch,  to  the  work  already  done  at  the 
Bureau  of  Standards  on  the  spectra  of  other  elements,  and  by 
intercomparison  among  the  wave  lengths  of  the  elements  observed 
in  this  paper.  Faint  lines  common  to  two  or  more  elements  were 
removed  even  when  they  could  not  be  ascribed  to  any  known 
element.  Among  these  the  most  persistent  were  5727.96  A, 
6739.11  A,  and  8184.86  A.  It  is  possible  that  these  three  are 
new  lines  of  copper.  Ghosts  of  both  the  Rowland  and  also  the 
Lyman"  type  were  looked  for  and  eliminated  from  the  tables. 
The  wave  lengths  were  examined  also  for  second  order  lines  which 
might  have  passed  through  the  screens  used. 

m.  RESULTS 

The  first  column  of  each  of  the  following  tables  gives  the  wave 
lengths  measured  in  international  Angstrom  units.  The -second 
column  gives  notes  on  the  intensity  and  character  of  the  lines. 
The  strongest  lines  are  given  an  intensity  of  10  and  the  faintest 
measurable  lines  an  intensity  of  i.  This  estimate  was  applied 
to  the  work  as  a  whole  rather  than  to  the  spectrum  of  any  par- 
ticular element,  so  that  a  value  of  10,  for  example,  varied  some- 
what with  the  region  mider  observation.  To  illustrate,  with  the 
methods  employed  6438  A  of  cadmium  gives  a  much  greater 
photographic  effect  than  8273  A  of  silver,  but  an  intensity  of  10 
is  assigned  to  each  of  these  lines  in  the  tables.  The  character  of 
a  line  is  indicated  by  letters  having  the  following  meanings: 

b  —broad. 

h=hazy. 
H  =  very  hazy. 

L = shaded  to  the  red. 

V  =  shaded  to  violet. 

*A>tni[ilir*.J..t9.p.n:  ipM-       * B. 8. BnIL, U, p. i4si  iBij.       "Aiii.Aitnio.Socpiib(.,p.Kii;  i»i». 
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It  is  difBcult  to  express  definite  wave  lengths  for  lines  which  are 
unsymmetrical  in  structure;  i.  e.,  shaded  to  red  or  to  violet.  An 
effort  was  always  made  to  set  on  the  "center  of  gravity"  of  the 
image,  but  in  the  case  of  unsymmetrical  lines  this  setting  becomes 
a  function  of  the  photographic  exposure.  For  lines  shaded  to  the 
red  a  strongly  exposed  spectrogram  will  thus  give  longer  wave 
lengths  than  those  obtained  from  weaker  spectrograms.  The  un- 
certainty in  expressing  the  wave  lenghts  of  unsymmetrical  lines 
may  be  several  hundredths  of  an  Angstrom  on  this  account.  The 
third  column  indicates  the  probable  error  of  the  measurements  of 
each  wave  length,  the  significance  of  the  letters  being  as  follows: 
A  —probable  error  o.oi  A.  . 

B  —probable  error  of  o.oi  A  to  0.02  A. 
C  -probable  error  of  0.02  A  to  0.03  A. 
D -probable  error>o.03  A. 
E  —  only  one  determination. 
The  wave-length  measiuements  of  other  observers  are  included 
in  the  tables  for  the  purpose  of  comparison.     Whenever  these 
wave  lengths  are  expressed  in  international  Angstrom  units  it  is 
so  indicated  by  I.  A.  in  the  table  headings.    The  remainii^  values 
are  based  on  Rowland's  system  of  wave-length  standards  and  may 
be  changed  to  the  international  system  by  subtracting  the  follow- 
ing quantities: 

0.22  A  from  5500  to  6050  A. 
.21  A  from  6050  to  6500  A. 
.22  A  from  6500  to  6570  A. 
.23  A  from  6570  to  6750  A. 
.24  A  from  6750  to  6850  A. 
.25  A  from  6850  to  7000  A. 
.26  A  from  7000  to  7200  A. 
.27  A  from  7200  to  7400  A. 
.28  A  from  7400  to  7700  A. 
.29  A  from  7700  to  8000  A. 
.30  A  from  8000  to  8200  A. 
.31  A  from  8200  to  8300  A, 
about  .35  A  from  8300  to  8800  A. 


Metallic  silver  and  silver  nitrate  were  burned  in  copper.  Nine- 
teen plates  were  measured ;  three  of  them  were  5-hour  exposures 
in  the  region  8400-10  400  A,  but  no  wave  lengths  greater  than 
8273.58  A  were  found. 
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TABLE  I.— SllfCf 
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L*««n. 

)>1.A. 
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PntaU* 

XLA. 

NoM 

> 

IMm 

X 

IM. 

i 

B 
B 

B 

5W.494 

SMia« 

< 

T1K.1 
T<M.O 

« 

SaaOaa* 

— 

X 

n... 

IMm 

76B>.2 

SO 

T6B9.4 

tEaytaiadRuiwe.Witd.Ajid.,4e.p.ii!:  iSgi. 
^  T,rfwMiiTi ,  AniL  d.  Fhyi.»S9»p.  m  igu  (phasphoT  photoKnphy). 
^KaiuIaII,  Aitrophya.  J,,  48,  p,  i;  igir  (bokimeteT  aieaaunmoiti). 
(Lcwli,  AMnifdiyi.  J.,  t,  p.  i;  iBps  <balonwta  mcuumnaiti). 

Eder  (Wien,  Ber.,  124;  1915)  gives  the  wave  length  of  the  deep 
red  line  as  7687.89  and  recommends  its  use  in  place  of  the  red 
doublet  of  potassium  for  the  calibration  of  small  spectroscopes. 
2.  ALVKmUU 
The  commercial  metal  was  burned  in  copper  or  graphite.    Some 
observations  were  made  with  the  positive  electrode  aluminum, 
but  with  this  arrangement  a  current  of  more  than  5  amperes 
could  not  be  used  without  melting  the  aluminum. 
TABLB  2. — Alttmimnn 
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■  Fuchcn,  Ann.  d.  Fhvi.  U)<  >*■  P'  tsi;  ivog- 

*  Eder  iind  V«lint»,  Atlat  Typljchei  Spectitn.  WiHi 

(Crflnter.  Z>,  f,  win.  Phot,,  11,  p.  ii;  1911-n. 

'EdcT,  Wicn,  Ber.:  1911, 

•Lebmimn.  Aon.  d.  Phys.,  SI,  p.  sy.  i^ii. 
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LA.    IfglM     able 


LA.     Bo(M 


3.  GOLD 
Gold  chloride  or  metallic  gold  was  burned  in  copper  or  graphite. 
Thirteen  plates  were  measured.     Silver  was  the  principal  impurity. 
The  lines  6122  and  6162  A  observed  by  Quincke  are  in  close  agree- 
ment with  strong  calcium  hnes. 

TABLE  3.— Gold 
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Chemically  -pure  metallic  bismuth  was  burned  in  copper  or 
graphite.  PotHteen  plates  were  measured.  The  principal  im- 
purities detected  spectroscopically  were  silver  and  lead.  The 
lines  850J.S  and  8627.9  A  are  very  diffuse  and  are  more  than 
five  Angstroms  wide  on  the  spectrograms. 
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»  Bder  Mid  Vaknu.  Atlu  TrpliditT  Sptctioi. 
^KayKrudRnanWled.  Ano-.H,  p.  9j:  iSm. 
c  Ldmuum.  Aim.  d.  Pbyi..  M.  p.  n;  i^ii  (pli«plior  pholotiiHilir). 
tf  Rudd,  Aitrophy*.  J.,  S4,  p.  i;  i«ti  (bokniRtr  mrmBuaiieBti). 
'  (Mtoi  ■■  *iiuk  line  by  W.  SchwRi.  Ihiaert.,  Bonn;  itcA. 

5.  CADHIUM 


Metallic  cadmium  was  burned  in  copper  or  graphite  electrodes. 
Fourteen  plates  were  measured.  Lead  was  found  as  an  impurity. 
The  lines  measured  by  Paschen,  5599  to  6330  A,  were  observed  in 
cadmium  arc  in  vacuo,  and  this  may  account  for  the  absence  of 
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some  of  them  in  the  present  observations.  It  should  be  stated, 
however,  that  the  first  three  lines  were  observed  as  a  hazy  group 
on  spectrograms  of  the  arc  operated  at  atmospheric  pressure,  but 
the  lines  were  too  broad  and  poorly  resolved  to  permit  satisfactory 
measurements  of  wave  lengths.  The  lines  6099,  61 11,  and  6ij6  A 
constitute  a  similar  group,  and  it  is  seen  that  they  are  very  hazy, 
unsymmetrical,  and  of  greater  effective  wave  length  when  the 
arc  is  surrounded  by  atmospheric  pressure  instead  of  vacuum. 

TABLB  5. — Cadmium 
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vm.39i 

«11 1.729 
C11C.M5 


<6UMM6. 

tTTlM.,. 


a  Pucben.  Ann.  d.  FhVB..  M.  p.  6>]. 
^BdniBdValaita.AtluTTpiidicrSoKtfsi.Wlai:  1911. 

'  I^imnn.  Ann,  d.  Pbv>.,SB,  ti.  a;  1911. 

i  Intenmtlofu]  t^uc  

6.  HERCURT 


A  vacuum  arc  in  glass  taking  3  amperes  was  used  as  the  source. 
Exposures  of  30  hours  were  made  for  the  region  beyond  8000  A. 
The  arc  in  air  was  tried  but  rejected  on  account  of  the  broadness 
of  the  lines. 

Wiedmann  measured  1 5  lines  of  intensity  2  or  less  in  prismatic 
spectra  in  the  region  6878  to  8198  A  which  were  too  weak  to 
photograph  with  a  grating. 
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4  Stylo.  AttrophvB.  J.,  SO.  p.  4^;  1909. 
»  Wicdmum.  Ann.  d.  PIiy>..  M.  p.  logi;  1911 
'  Bder  aad  VoloiU.  Atlu  Trpischcr  Spectra 
'  KKyier  md  Runac.  Wlcd.  Aim..  4S.  p.  i&i; 
'  InteifrnuueteT  Mcaauranents.  Fftbrr  and  P 
D.d.Phvt..M.p.  sj:  Tgii. 


The  arc  spectrum  was  obtained  from  ordinary  metallic  lead 
burning  in  copper  electrodes  or  in  graphite  electrodes. 

Eder  states  that  the  two  red  lines  which  he  gives  are  reproduced 
in  the  Atlas  Typischer  Spectren,  Chart  XXI,  No.  13.  Although 
this  rejmjduction  shows  7229  with  considerable  intensity,  no  Lines 
of  longer  wave  length  appejir  and  the  wave  length  7700.18  A,  if 
real,  is  probably  not  due  to  lead. 

The  line  5895.70  A  was  measured  in  the  fourth  order.  With 
low  dispersion  its  presence  is  indicated  by  the  increased  intensity 
of  the  D,  line  of  sodium  which  usually  occurs  as  an  impurity. 
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'  Eder  and  Vilmta.  Wkn.  Bcr..  1 1>.  Ila.  p.  nt;  i»id. 

^  Kiywr  and  Runcc  WIcd.  Aim..  K.  p.  m;  iSu* 

c  X^cfaouim.  Ann.  d.  Phyt.,  Sti  p.  jj;  ign, 

<i  Given  by  Eldn  uspuk  Una,  Ztiti.  f.  wis.  Pbot.,  19.  p.  iG;  tgij. 

•  Bda,  Wia,  Btt.,  i»ij. 

s.  AitrmonY 

Two  samples  of  antimony  were  used.  One  was  Kahlbaum  pure 
metal  and  the  other  was  less  pure,  containing  lead,  tin,  calcium, 
sodium,  potassium,  cadmium,  and  iron.  Twenty  plates  were 
measured.  Five  lines  were  observed  which  are  given  by  Kretzer 
as  occurring  in  the  spark  but  not  in  the  arc  spectrum.  The  lines 
given  by  Kretzer  beyond  7000  A  are  probably  second  order  lines, 
since  he  used  a  potassium  bichromate  screen  and  a  commercial 
panchromatic  plate  not  particularly  sensitive,  in  this  region. 
7145.840,  7279.591,  7367.408,  and  7480.194  A  correspond  to  the 
lead  lines  3572.95,  3639.72,  3683.62,  and  3749.20  A,  which  are  the 
strongest  in  this  region.  7276.081  and  7445.895  A  correspond  to 
the  strongest  antimony  lines,  3638.00  and  3832.94  A.  Two  lines 
5700  and  5782  A  observed  by  Schippers  and  by  Kretzer  are  prob- 
ably due  to  the  presence  of  copper  as  an  impurity.  The  sign  + 
in  the  column  of  notes  referring  to  my  wave  lengths~indicates  that 
these  lines  were  very  much  stronger  near  the  positive  electrode 
than  in  any  other  part  of  the  arc. 
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«.  TIN 

Metallic  tin  was  used  in  copper  or  graphite  electrodes  for  the 
production  of  the  arc  spectrum.  Sodium  and  potassium  were 
observed  as  impurities,  and  by  the  same  token  the  line  at 
7800.282  A  observed  by  Ainolds  may  be  due  to  rubidium. 

TABU  0.— Tin 
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Ch^mcally  pure  zinc  was  burned  in  copper  electrodes  and  also 
with  a  lo  mm  zinc  rod  as  the  positive  electrode  and  copper  as 
the  negative  electrode.  Lead,  cadmium,  sodium,  and  potassium 
were  found  as  impurities.  Of  the  "new"  lines  given  by  Eder 
from  7026  to  8256  A,  18  correspond  to  the  stronger  vanadium 
lines  in  this  region;  7664.84  and  7698.93  A,  since  they  both  appear, 
look  suspiciously  like  potassium,  and  7625  A  may  be  due  to  nickel. 
This  accounts  for  all  except  7932.95  and  7937.93  A  which  are  in 
all  probability  also  due  to  some  impurity.  Eder  admits  that 
"these  red  and  infra-red  lines  of  zinc  appear  to  be  but  slightly 
characteristic  and  are  scarcely  suited  for  spectral  analytical  indi- 
cations of  the  metal." 

TABLE  10.— Zinc 
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rV.  DISCUSSION 
A  comparison  of  the  wave  lengths  measured  for  the  same 
element  by  different  observers  shows  several  important  facts.  In 
the  first  pJace  impurity  and  spurious  hnes  must  be  looked  for  very 
carefully.  The  determination,  in  a  given  spectral  region,  of  the 
wave  lengths  of  related  or  contaminating  elements  makes  in- 
creasingly more  certain  the  lines  belonging  to  each  particular 
element,  and  only  when  the  spectra  of  al!  the  elements  are  inter- 
compared  on  the  same  basis  can  the  true  standard  spectrum  of 
each  element  be  arrived  at.  Spurious  lines  due  to  false  spectra 
given  by  grattt^s  or  to  luu^cognized  overlapping  spectral  orders 
are  responsible  for  some  of  the  divergences  in  spectroscopic  data. 
Careful  examination  of  the  optical  performance  of  gratings  should 
remove  the  first,  and  improvements  in  ray  filters  and  photo- 
graphic plates  are  necessary  to  reduce  errors  of  the  second  kind. 
It  is  important  to  describe  the  source  of  light  and  specify  the  ob- 
serving conditions  since  the  spectrum  of  each  element  in  general 
is  different  under  various  operating  conditions  {arc  or  spark,  either 
in  air,  vacuum,  co-  under  pressure,  etc.)  and  appreciably  different 
spectra  are  obtained  even  from  the  same  source  if  light  from  dif- 
ferent parts  of  it  is  examined  (pole  effect,  electrode  lines,  etc.). 
The  accuracy  possible  in  wave-length  measurements  from  the 
direct  photography  of  normal  spectra  exceeds  that  of  phosphor 
photography  and  bolometer  observations,  but  at  the  present  time 
the  photographic  method  is  limited  to  waves  shorter  than  about 
10  000  A.  The  development  of  a  photographic  plate  sensitive 
further  into  the  infra-red  is  much  to  be  desired. 

V.  SUMMARY 

The  arc  spectra  of  10  metals,  silver,  aluminum,  gold,  bismuth, 
cadmium,  mercury,  lead,  antimony,  tin,  and  zinc,  were  photo- 
graphed in  the  red  and  infra-red  on  plates  bathed  with  pinacyanol 
and  dicyanin.  These  elements  have  relatively  few  strong  lines  in 
this  region  when  compared  with  the  spectra  of  iron,  cobalt,  and 
nickel  observed  under  the  same  conditions. 

In  conclusion,  acknowledgment  is  made  to  Prof.  O.  M.  Stewart 
and  to  Dr.  W.  F.  Meggers  for  their  interest  and  encouragement 
in  this  work. 

Washington,  December  9,  1920. 
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SPECTROPHQTOELECTRICAL  SENSITIVITY  OF 
PROUSTITE 

By  W.  W.  Cobkniz 

ABSTKACT 

^Che  preacnt  mvestigation  b  a  continuation  of  previous  work  on  tlie  spectitiphoto- 
electrical  sensitivity  of  various  substances. 

At  »o°  C  the  spectrophotoelectrical  sensitivity  curve  of  proustite  has  a  slight  maxi- 
mum at  about  0.6111  and  a  marked  sensitivity  with  a  wide  maximum  (at  about  o.3m) 
in  the  ultra-violet. 

At  —170°  C  the  intrinsic  spectrophotoelectrical  sen^tivity  is  gieatly  increased; 
but  the  maximum  reaction  is  confined  mainly  in  a  shaip  nuximum  at  0.578/1.  No 
pbotoelcctiical  sensitivity  was  observed  for  radiation  stimuli  of  wave  lengths  extending 
from  o.7fi  to  sfi. 
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I.  INTRODUCTORY  STATEMENT 

The  present  investigation  is  a  continuation  of  previous  work  on 
the  spectrophotoelectrical  sensitivity  of  various  substances.'  As 
a  result  of  these  earlier  investigations  it  has  been  possible  to  for- 
mulate a  tew  general  characteristics  of  photoelectrical  conduction 
in  solids.'  It  was  shown  that,  in  general,  the  photoelectric  re- 
sponse of  a  substance  at  room  temperatures,  when  exposed  to 
equal-energy  stimuli,  is  fairly  uniform  over  a  wide  region  of  the 
visible  spectrum,  terminating  in  a  band  or  bands  of  higher  sensi- 
tivity in  the  extreme  red  or  near  infra-red. 

Cuprous  oxide  ■  was  cited  as  the  only  example  then  known  in 
which  the  maximum  sensitivity  is  in  the  ultra-violet,  and  in  which 
the  characteristic  band  in  the  red  differs  from  that  of  the  other 
substances  investigated  in  being  almost  absent  at  20°  C.  How- 
ever, like  other  substances  exhibiting  photoelectrical  sensitivity, 
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at  low  temperatures  the  reaction  of  cuprous  oxide  relative  to  the 
rest  of  the  spectrum  is  confined  almost  entirely  to  this  band  m 
the  red. 

In  the  present  paper  it  wiU  be  shown  that  the  spectrophoto- 
electrical  characteristics  of  proustite,  Ag,AsS,,  are  similar  to  those 
of  cuprous  oxide,  Fiuthermore,  they  exhibit  similar  character- 
istics in  their  spectral  transmission  of  thermal  radiation.  Both 
are  opaque  to  ultra-violet  radiation  and  begin  to  transmit  freely 
in  the  red  end  of  the  spectrum,  thus  imparting  to  them  a  bright 
red  or  vermilion  color. 

The  one  characteristic  that  all  these  photoelectrically  sensitive 
substances  have  in  common  is  a  great  opacity  in  the  ultra-violet 
and  violet  end  of  the  spectrum,  followed  by  a  rapid  increase  in 
transparency  in  the  red  and  near  infra-red  spectrum.  This  is 
the  long  wave-length  side  of  a  r^on  of  optical  resonance  with  a 
possible  anomalous  dispersion.  The  transmission  data  at  hand 
on  cuprous  oxide,  proustite,  seleniimi,  molybdenite,  silver  sulphide, 
etc.,  show  a  gradual  shifting  (or  widening)  of  the  absorption  band 
from  the  ultra-violet  into  the  infra-red.  Similarly  there  is  a 
regular  sequence  in  the  decrease  in  the  g^eral  spectrophoto- 
electrical  reaction  in  the  short  wave  lengths  and  an  increase  in 
intensity  of  the  band  of  high  photoelectrical  reaction  in  the  red 
as  we  go  from  the  spectrically  more  transparent  substances,  for 
example,  cuprous  oxide  and  proustite,  to  the  more  opaque  sub- 
stances, such  as  silver  sulphide.  From  this  it  would  appear  that 
the  explanation  of  the  photodectric  reaction  is  to  be  sought  for 
in  an  optical  resonance  phenomenon  rather  than  a  change  in 
crystal  structure,  though  the  latter  of  course  may  contribute  to 
the  phenomenon  by  a  change  in  pleochroism. 

Proustite,  AgjAsS,,  is  a  double  sulphide  of  silver  and  arsenic. 
Case'  recorded  that  it  is  sensitive  photoelectrically.  One  of  the 
reasons  for  making  the  examination  of  this  mineral  was  to  obtain 
a  comparison  of  its  spectrophotoelectrical  sensitivity  with  that 
of  silver  sulphide.*  It  is  interesting  to  note  that  their  spectro- 
photoelectric  reactions  are  entirely  different. 

U.  APPARATUS  AND  PROCEDURE 

The  arrangement  of  the  apparatus  and  the  methods  of  operation 
were  practically  the  same  as  used  in  the  investigation  of  molybde- 
nite.*    Instead  of  a  fluorite  prism,  a  quartz  prism  was  employed. 
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The  dispa^on  of  quartz  is  about  twice  that  of  fluorite.  The 
source  of  radiation  "v/as  a  500-watt,  gas-filled  tungsten  lamp, 
mounted  in  front  of  the  spectrometer  slit.  Repeated  calibrations 
of  the  lamp  showed  that  any  e^ing  it  may  have  undergone  had 
not  affected  the  equal-energy  values  used. 

The  measurements  in  the  ultra-violet  were  made  with  a  quartz- 
lens  spectropyrheliometer/  the  source  of  radiation  bong  a  Cooper- 
Hewitt  600-watt  quartz-mercury  lamp.  The  emission  lines  of 
mercury  were  reduced  to  equal-energy  stimuli  by  suitably  dia- 
phragming  the  quartz  lens  which  was  used  to  focus  an  image  of 
the  burner  upon  the  spectrometer  slit.  In  this  manner  high  in- 
tensities were  obtained  which  permitted  an  extension  of  the 
photoelectrical  measurements  into  the  ultra-violet.  (See  Fig.  i.) 
High  intensities  were  required  in  view  of  the  fact  that  the  material 
examined  is  not  very  sensitive  and  has  peculiar  electrical  proper- 
ties which  prevent  the  application  of  a  high  potential. 

The  proustite,  Ag^AsS,,  used  in  this  investigation  came  from 
Chaiiarcillo,  Chile.  Two  samples  were  examined.  They  woe  of 
large  size,  semitransparent,  and  of  a  light  vermilion  color,  indi- 
cating a  high  absorptivity  for  wave  lengths  less  than  0.55^1 
(fi  — 0.001  mm). 

Samplb  No.  I  was  a  well-formed,  homogeneous  crystal  16  by 
4  by  3  mm.  The  tenninals  were  of  No.  36  copper  wire  wound 
tightly  in  grooves  cut  close  to  the  ends  of  the  crystal.  The  wire 
and  the  ends  of  the  crystal  were  then  covered  with  Woods  alloy, 
which  adhered  well  to  the  crystal  when  not  applied  too  hot.  The 
electrodes  were  attached  in  this  manner  with  the  view  of  obtaining 
symmetrical  conduction  through  the  crystal.  The  exposed  part 
of  the  crystal  between  the  electrodes  was  8  mm. 

Sample  No.  2  was  not  so  homogeneous  in  structure,  having  the 
appearance  of  a  mass  of  semitransparent  crystals  forming  a  rod 
18  by  6  by  4  mm.  The  electrodes  were  applied  to  sample  No.  2 
in  the  same  manner  as  to  sample  No.  i,  just  described.  The  ex- 
posed part  of  the  crystal  between  the  electrodes  was  10  mm. 

The  electrodes  of  both  crystals  were  covered  with  cardboard  to 
prevent  exposure  to  radiation.  For  making  the  observations  at 
low  temperatures  the  samples  were  moimted  in  the  evacuated 
glass  container  described  in  previous  papers.  When  making  the 
measurements  at  22°  C  the  sample  was  mounted  at  the  exit  slit 
of  the  spectrometer.     Hie  intensity  of  the  radiation  stimulus  was 
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therefore  three  to  four  times  larger  than  usually  employed,  and 
it  was  possible  to  investigate  the  visible  spectrum  more  accurately. 

The  photoelectrical  changes  in  conductivity  were  determined 
by  connecting  the  crystal  of  proustite  in  series  with  a  high  re- 
sistance (id  000  to  30  000  ohms) ,  a  potential  of  i  .4  to  4  volts,  and 
a  d'Arsonval  galvanometer. 

Proustite  is  classed  as  a  good  conductor  and  hence  a  special 
arrangement  of  batteries  and  shunts '  would  be  required  in  order 
to  apply  high  voltages. 

m.  EXPERIMENTAL  DATA 

Con^derable  difficulty  was  experienced  in  making  observations 
on  these  crystals,  owing  to  the  misteadiness  of  the  zero  reading. 
This  is  probably  attributable  to  the  lar^e  mass  of  material  under 
examination.  At  least  that  was  the  explanation  arrived  at  in  an 
examination  "  of  stibnite  where  thin  samples  were  also  obtainable. 

In  the  preliminary  examination  of  different  parts  of  the  crystal 
it  was  found  that,  unlike  molybdenite,  these  two  samples  of 
proustite  were  fairly  uniform  in  sensitivity. 

No  "positive-negative"  effect,  such  as  was  found  in  a  certain 
sample  of  molybdenite,'"  could  be  observed  in  proustite. 

1.  VOLTAGE  EFFECT 

The  increase  in  conductivity  with  increase  in  the  applied  voltage,  ' 
which  has  been  described  by  previous  experimenters,  was  especi- 
ally marked  in  proustite.  Moreover,  on  applying  a  constant 
voltage  the  conductivity  increased  greatiy  with  time.  This  was 
overcome  to  some  extent  by  applying  a  high  potential  for  a  while, 
then  reducing  it  to  i  .4  volts  (a  single  dry  battery) .  Even  then  it 
was  necessary  to  wait  an  hour  or  more  before  making  observations. 

2.  RESPOnSE-TOCE  CORVES 

For  proustite,  the  curve  illustrating  the  progress  of  the  photo- 
electric reaction  with  time  was  found  quite  similar  to  that  of  other 
substances  (fOT  example,  molybdenite)  described  in  previous 
papers.  When  the  reaction  was  small,  the  maximum  deflection 
was  observed  in  5  to  10  seconds  and  the  time  for  recovery  was  not 
greatly  prolonged.  On  the  other  hand,  when  observing  in  the 
region  of  the  maximum  photoelectric  action  (at  o.$j8n}  at  low 
temperatures  the  time  to  attain  a  maximum  reaction  was  prolonged 
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to  45  seconds  or  longer,  and  the  time  necessary  for  recovery  was 
two  to  three  times  the  time  of  exposure. 

3.  SPBCTROPHOTOBI^CTRICAI.  SEnsmVITT  01  PROUSTTTE 

The  spectrophotoelectric  reaction  of  proustite  at  22°  C.  is  illus- 
trated in  Fig.  I,  the  samples  being  exposed  at  the  exit  sUt  of  the 
spectrometer,  as  already  explained.  In  this  illustration  the 
observations  on  sample  No.  i  are  indicated  by  the  continuous 
curves  and  those  on  sample  No.  2  by  the  dotted  curves. 

The  two  curves  to  the  right,  marked  B,  depict  the  results  of  a 
careful  examination  of  the  small  maximum  in  the  region  of  o.6iju 
It  'will  be  shown  presently  that,  with  decrease  in  temperature, 
this  maximum  very  rapidly  overtakes  and  exceeds  the  reaction 
in  the  rest  of  the  spectrum  and  shifts  to  shorter  wave  lengths  as 
observed  in  previous  work  on  other  substances. 


FlO.  I. — Speclropkotoiltcitizal  ssTuiUvity  of  ptouttiU.     {Ordinate^ 
are  galvanoTneler  deflections) 

In  the  two  curves  marked  A ,  which  are  to  the  left  in  the  illustra- 
tion, the  observations  are  extended  into  the  violet.  For  this  pur- 
pose the  tungsten  lamp  had  to  be  operated  on  a  lower  current  In 
the  region  of  0.6^.  The  radiation  intensities  are  B^yA.  For 
sample  No.  i  curve  A  is  extended  by  a  dashed  line  to  illustrate 
what  is  to  be  expected  in  the  ultra-violet. 

The  observations  on  sample  No.  i  in  the  ultra-violet  are  illus- 
trated in  curve  C,  Fig.  i .  They  were  obtained  by  using  a  quartz- 
mercury  vapor  lamp  and  a  quartz  spectropjTrheliometer,  as  already 
described. 

The  results  of  this  examination  show  that,  at  22°  C,  the  spec- 
trophotoelectrical  sensitivity  curve  of  proustite  consists  of  a  wide 
band,  with  a  maximum  in  the  ultraviolet,  and  a  small,  ill-defined 
maximum  in  the  orange-yellow  of  the  spectrum.     In  this  respect 
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the  spectiiophotoelectric  response  curve  is  similar  to  that  of  cuprous 
oxide. 

No  photoelectric  reaction  could  be  observed  for  radiations  ex- 
tending to  2fl. 

4.  EFFECT  OF  TBHraRATDRB 

In  order  to  make  this  test  the  sample  was  mounted  in  an  evac- 
uated glass  container  which  was  imn^rsed  in  liquid  air  as  already 
described." 

The  effect  of  tempa^ture  upon  the  spectrophotoelectric  reaction 
of  proustite  is  illustrated  in  Figs.  2  and  3.  The  former  gives  the 
photoelectric  reaction  of  samples  No.  i  and  No.  2  (curves  i  and  2, 
Fig.  2)  at  — 125°  C  and  -  1 26°  C,  respectively.  They  are  inter- 
esting in  showing  that,  although  the  intrinsic  sensitivity  of  sample 
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Fig.  i.—EfftcPof  Umieraiurt  upon  Ike  sptctrophototUctnail 

sttmlivity  (^  protutiU 

No.  2  is  much  less  than  that  of  No.  i ,  their  spectrophotoelectric 
reactions  are  similar,  both  showing  a  marked  development  of  the 
band  at  0.578/1. 

In  Fig.  3  is  depicted  the  rapid  growth  of  the  band  at  0.578^. 
From  +22°  C  to  —49*  C  this  band  is  imperceptible.  At  -93"  C 
the  wide  maximum  in  the  violet  is  still  observable,  while  the  one 
at  0.578/1  has  become  sharp  and  well  defined.  From  —  loi  °  C  to 
-125*  C  the  band  at  0.578/1  greatly  exceeds  the  violet  band. 
From  these  curves  it  appears  that  the  band  at  0.578/1  does  not 
suddenly  envelop  the  ultra-violet  band  at  a  definite  temperature, 
but  that  between  -  50°  C  and  ~  90°  C  there  is  a  gradual  inter- 
change in  the  relative  intensities  of  the  two  maxima. 

While  observing  these  three  curves  the  appUed  potential  (1.4 
volts)  remained  constant.     Consequently,  as  the  temperature  de- 
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creased  the  resistance  increased,  and,  although  the  intrinsic  spec- 
trophotoelectrical  sensitivity  was  greatly  increased,  the  galvanoni' 
eter  deflections  remained  of  the  same  order  of  magnitude. 
Hence,  for  the  purpose  of  clearly  depicting  the  isothermal  spec- 
trophotoelectric  reactions  in  this  illustration  (Fig.  3),  the  cprdi- 
nates  of  the  —49°  C  ciu^re  are  two  times  that  of  the  22°  C  curve; 
also  the  ordinates  of  the  —93°  C  curve  and  of  the  —  loi'  C  curve 
are  five  times  that  of  the  22°  C  curve. 

Furthermore,  in  order  to  avoid  confusion  in  Fig.  3,  the  zero  of 
the  ordinates  of  the  isothermal  spectrophotoelectric  reaction 
curves  observed  at  - 125°  C  and  at  - 167"  C  is  raised.     In  these 


PlO.  3. — SptctropholotUelHeal  imiitimly  curmt  of  prouttit* 
at  varwiu  tmnptratvm 

two  curves  the  galvanometer  deflections  were  much  larger  than 
those  observed  at  the  higher  temperatures.  However,  owing  to 
the  loDg  time  required  for  the  reaction  to  attain  equilibrium,  as 
already  explained,  the  observations  at  0.578/t  were  subject  to 
some  uncertainty.  The  conclusion  to  be  drawn  for  these  curves 
13  that  the  sharp  maximum  at  C.578JU  remains  f&irly  constant  in 
position  with  decrease  in  temperature 

IV.  SUMMARY 

In  the  foregoing  pages  experimental  data  are  given  on  the 
Spectrophotoelectrical  sensitivity  of  the  mineral  proustite,  which 
is  a  double  sulphide  of  silver  and  arsenic.  The  results  obtained 
show  that  the  photoelectric  reaction  is  entirely  different  from 
tiiat  of  silver  sulphide. 
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The  samples  were  exposed  to  tliennal  radiation  stimuli  extend- 
ing  from  0.3^  to  2/1,  The  greatest  photoelectrical  activity  occurs 
in  the  region  of  the  spectrum  (0.5^  to  0.7^)  where  there  is  a  rapid 
decrease  in  spectral  absorption.  No  photoelectric  reaction  was 
observed  for  "wave  lengths  greater  than  0.7^. 

It  was  found  that  at  22°  C  the  photoelectric  reaction  of  fwroustite 
consists  of  a  wide  maximum  in  the  ultra-violet,  with  a  weak,  ill- 
defined  maximum  in  the  region  of  o.6i>i. 

On  lowering  the  temperature  to  — 167°  C  the  intrinsic  sensi- 
tivity is  greatly  increased  throughout  the  spectrum.  The  ill- 
defined  mayimtiPi  at  o.tifi  increases  greatly  in  intensity  and' 
-shifts  to  0.578/t. 

At  low  temperatures  the  greatest  spectrophotoelectric  reaction 
is  localized  in  the  band  at  0.578^. 

All  the  data  are  in  agreement  with  the  previously  formulated 
general  characteristics  of  spectrophotoelectricat  sensitivity  in 
solids. 

Washington,  January  7,  1921. 
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A  PORTABLE  VACUUM  THERMOPILE 

By  W.  W.  Coblentz 


ABSnuCT 

A  demaiption  U  gncn  at  a  portable  vacuum  tlienDoplle  of  glam,  in  which  the  col' 
citun  evaeuator  ia  pernunently  attached  to  the  container.  The  paper  give*  general 
directkma  for  operatlnK  the  device,  aa  veil  as  data  on  the  themiDpile,  which  is  of 
Msnuth  lilver. 

OlMervatJDBa  tstcodijig  over  a  period  o(  about  aeven  )'ean  an  given  on  the  belnviar 
of  vacuum  thentK^ika  in  tAich  the  vacuum  is  maintained  by  meana  of  caldum, 
which  haa  the  popcrty  of  combining  with  gaaea  when  it  is  heated. 
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1.  mTRODDCTORT  STAISHBIIT 

The  object  of  this  paper  is  to  describe  a  vacuum  thermopile 
nipunting  which  is  rendered  portable  by  attaching  a  caldiun  evacu- 
ator  permanently  to  the  radiometer  container. 

By  this  simple  means  one  can  maintain  a  vacuum  without  being 
obliged  to  keep  the  radiometer  attached  to  a  pump. 

Ctae  of  the  chief  complaints  of  workers  in  thermal  radiotnetry, 
is  the  uncertainty  of  the  nwasurements  caused  by  unsteadiness  of 
atmospheric  conditions.  Radiometers  are  necessarily  of  small 
heat  capacity  and  as  a  consequence  are  greatly  affected  by  air 
currents.  The  loss  of  heat  by  convection  is  very  large.  The  sen- 
sitivity of  a  modem  thermopile — that  is,  its  rise  in  temperature 
when  exposed  to  radiation — is  doubled  and  that  <rf  a  themKh 
couple  of  fine  (0.01  nun)  wire  is  quadrupled  by  placing  it  in  an 
evacuated  receptacle.' 

The  container  for  a  vacuum  bolometer  or  thermopile  differs 
from  that  of  an  evacuated,  glass  bulb,  incandescent  lamp  in  that 
it  can  not  be  thoroughly  heated  to  expel  the  adsorbed  water  vapor 
and  occluded  gases.     The  radiometer  container  is  ustudly  provided 

>B.S.BidL.ll.lq>.i)>iail«is:  i«m. 
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with  a  fluorite  or  rock  salt  window  which  can  not  be  heated  with- 
out risk  of  break^e,  and  hence  is  attached  with  a  cement  that  may 
give  off  vapors.  Furthermore  the  radiometer  receiver  is  covered 
with  lampbladk,  etc.,  containing'  absorbed  gases  which  slowly  es- 
cape into  an  evacuated  container. 

As  a  result  of  these  difficulties  attempts  to  seal  off  the  vacuum 
radiometer  permanently  from  the  evacuating  device  have  not  been 
successful.*  Consequently  it  is  necessary  to  provide  a  vacuum 
pump  or  other  means  for  removing  the  hydrocarbon  vapors  comii^ 
from  the  stopcock  grease  and  the  gases  disengaged  from  the  walls 
or  leaking  through  the  joints  of  the  vacuum  chamber. 

•  In  a  previous  paper  *  a  simple  radiometric  attachment  wu  de- 
scribed for  maintaining  a  vacuum  by  means  of  metallic  calcium, 
which  has  the  property  of  chemically  combining  with  all  atmos- 
pheric gases  except  aigon.  It  is  a  simplification  of  the  method 
used  by  Soddy,*  in  that  the  caknitp  is  contained  in  a  quartz  tube 
which  is  heated  to  a  low  red  by  either  a  Btmsen  burner,  an  alcohol 
lamp,  or  electrically.  The  calcium,  being  covered  with  a  thin 
coating  of  oxide,  does  not  combine  with  the  quartz  container 
unless  it  is  heated  to  a  br^ht  red  color. 

Portable  vacuum  thermopiles  in  which  the  vacuum  is  main- 
tained by  means  of  calcium  have  been  in  use  by  the  writer  for 
nearly  seven  years.  One  of  the  vacuum  thermocoufJe  containers 
(No.  7)  used  in  stellar  radiometry  •  was  provided  with  a  new  quartz 
tube  and  calcium  on  March  22,  1919;  ■  On  January  19, 1921,  there 
was  found  only  a  slight  decrease  in  vacuum  (total  pressure  perhaps 
0.5  mm).  This  was  easily  remedied  by  wanmng  the  quartz  tube 
c6ntaining  the  calcium.  Container  No.  6  used  in  stellar  radiometry 
was  heated  December  10, 1917,  for  the  first  time  after  August,  1914, 
And  then  again  the  second  time  on  January  19,  1921 — ^twice  in 
seven  years.  Hiis  vacuum  container,  which  begain  to  leak  soon 
after  it  was  finished,  was  easily  repaired  by  apjrfying  a  coat  of 
Celiac.  However,  as  mentioned  in  the  previous  paper,  sufficient 
air  had  entered  to  impart  to  the  Geissler  tube  discharge  the  char- 
acteristic blue  color  of  argon.  In  the  mo^  recent  attempt  to 
remove  this  residual  gas  (pressure  less  than  i  mm  after  standing 
three  years)  prolonged  hearing  of  the  calcium  evacuator  had  no 
effect  in  diminishing  the  argon. 

•  Budimld.  Ado.  del  Phys.  (O.M.p.  918;  i^io. 
«  B.  a  Bon.,  11,  p.  iB;:  1911. 

•  Soddy.  PiDC.  Roy.  Soc, ,  i 
reported  to  be  aood  for*' vAfu 

•  B.  S.  BslL,  n.  p.  614.  Fis. 
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The  Hnear  vacuum  thermopile,  to  be  described  presently,  has 
been  in  use  for  aboat  four  years.  The  first  ctmtainer  in  which  it 
was  mounted  always  leaked  seriously.  Nevertheless,  afta  clostng 
the  stopcock  (in  1917)  and  sealing  it  with  Chatterton  wax,  the 
vacuum  was  maintained  by  occasionally  h^tating  the  calfii'"' 
2.  DXSCKIPTIOIT  OF  THB  THCKUOPILE 

The  thermopile  is  constructed  of  bismuth  wire,  0.08  mm  in 
diameter  (o.i  tnm  would  be  less  fragile  and  hence  adapted  for 
general  use),  and  silver  wire,  0.031  mm  in  diameter.  The  indi- 
vidual receivers  are  of  tin,  r.7  by  i.i  by  0.018  mm.  The  total 
length  of  the  receiver  of  the  completed  instrument  of  13  elements 
is  12.5  mm,  and  the  resistance  is  6.7  ohms.  The  bismuth  wire  is 
cut  to  the  proper  length  (4  mm)  and  pressed  flat  between  glass 
plates  to  increase  thermal  conduction  where  it  is  in  contact  with 
the  receivers  and  thus  facilitate  the  attainment  of  thennal  equi- 
librium.* The  base  upon  which  the  thermoelements  are  mounted 
may  be  of  ivory  or  of  red  fiber  (shown  in  Fig.  i )  which  ha§  been 
boiled  in  paraf&n  to  shrink  it  and  to  expel  the  air. 

The  rate  of  rise  of  eipf  of  the  thermopile,  when  exposed  to 
radiation,  is  so  rapid  that  a  galvanometer  swing  of  2  seconds  is 
not  retarded.  In  faoti  when  using  a  galvanometer  having  a  single 
swing  of  2  seconds,  the  response  of  the  thermopile  is  too  rapid  for 
making  observations  comfortably.  For  example,  90  per  cent — 
that  is  1 8  cm — o^  a  total  deflecdou  of  30  cm  is  obtained  in  about 
I  second. 

y.  iBKKsmTwm-  at  r^  rietnm  tb^hopiu  covtuseb. 

Radiometer  containers  which  can  be  evacuated  have  been 
described  in  previous  papers.' 

The  thermopile  in  its  new  vacuum  mounting  (20  cm  in  height) 
is  shown  in  Pig.  1,  which  is  a  rear  view.  This  mounting  is  in  the 
form  of  a  cup  made  out  of  one  piece  of  glass,  which  is  covered  with 
a  thick  glass  window,  G.  Fig.  2  is  a  side  view  of  a  similar  vacuum 
thermopile  container  used  in  stellar  radiometry.  In  these  illus- 
trations similar  parts  are  referred  to  by  similar  letters.  The 
quartz  tube  (standard  size  quartz  test  tube),  containing  the 
calcium,  Ca,  is  attached  to  the  glass  tube  by  means  of  Khotinsky 
cement,  K.  Pyrex  glass  tubing  may  be  used  instead  of  quartz 
and  joined  directly  to  the  glass,  thus  dispensing  with  the  cement, 
but  it  is  likely  to  collapse  on  accidental  overheating. 


L.  11.  pp.  13a  and  6U'  ' 
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The  electrodes,  p,  p,  of  platinum  wire  0.3  to  0.4  nun  in  thickness, 
are  used  for  testii^  the  evacuation.  For  this  purpose  either  an 
induction  coil  or  a  2000  to  10  000  volt  transforms-  is  used. 

The  ^ass  window,  G,  covering  the  rear  of  the  contaiiier,  is  7  mtn 
thick.  Experience  shows  tiiat  a  thick  plate  of  glass  is  necessary 
in  order  to  prevent  warping  by  atmosfdteric  pressure  and  conse- 
quent leaking  through  the  ground  joint.  The  latter  is  closed  with 
a  combination  of  beeswax  and  tallow  (stopcock  grease)  and  the 
edge  is  covered  with  Chatterton  wax. 

The  fluorite  window,  F,  Fig.  2,  covering  the  front  of  the  con- 
tainer, is  about  3  mm  in  thickness,  which  is  sufficient  to  prevent 
warping  when  placed  over  the  slot  (8  by  16  mm,  Fig.  i)  in  the 
fine-ground  face  of  the  glass  receptacle.  It  is  joined  to  the  glass 
by  means  of  stopcock  grease  and  the  outer  edge  is  covered  with 
Chatterton  wax. 

The  lead  wires  to  the  thermopile,  I,  Fig.  i,  are  of  copper,  sealed 
to  the  glass  with  a  platinum  wire.  This  refiaiement  is  not  neces- 
sary, though  it  is  desirable  to  reduce  the  number  of  places  where 
leakage  may  occtu-. 

The  glass  receptacle  is  mounted  in  a  brass  box  which  slides  in 
vertical  ways  as  illustrated  in  previous  papers.' 

In  concluding  this  description  of  the  thermopile  container  it  is 
relevant  to  add  a  few  remarks  concerning  the  operation  of  the  cal* 
cium  evacuator.  The  calcium  is  cut  into  small  fr^ments  with  a 
chisel  or  by  other  means  and  placed  in  the  quartz  tube,  which  is 
then  attached  to  the  thermopile  container.  The  device  is  then 
evacuated  witii  an  oil  pump.  While  tlie  pumping  is  in  progress 
the  calcium  is  heated  with  a  Bunsen  flame  in  order  to  cause  it  to 
combine  with  the  water  vapor,  the  residual  air,  and  the  acetylene 
gas  which  is  generated  from  the  water  vapor  and  the  calcium 
carbide  which  is  formed  in  previous  use.  Keeping  the  calcium 
hot,  fresh  air  is  allowed  to  enter  and  the  pumping  is  continued. 
This  operation  should  be  repeated  several  times  to  sweep  the  water 
vapor  from  the  walls  of  the  container,  after  which  the  stopcock  is 
permanently  closed.  , 

With  reference  to  the  efficiency  of  the  device,  it  may  be  stated 
that,  after  the  gases  have  been  absorbed  by  the  calcium,  the 
vacuum  is  so  high  that  the  discharge  from  an  induction  coil  passes 
through  the  5  cm  air  space  between  the  electrodes,  p,  p,  Fig.  1, 
in  preference  to  passing  through  the  evacuated  tube. 

*  B.  S.  BnU,  11,  p  isi.  i»u:  I*.  P-  mS.  i*i«  r  Ummthia  for  vummi  thiniBpIIa  "). 
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As  mentioned  dse^ere,  an  electric  heater  may  be  used,  tmt 
it  requires  close  attentioti  to  avoid  overheating  of  the  quartz 
tube.  It  is  not  absolutely  necessary  to  use  a  pump  to  start  the 
evacuation.  ■  However,  explosions  may  result  from  the  increase 
in  pressure  of  the  water  vapor,  acetylene,  etc.,  when  the  calcium 
is  first  heated  in  a  closed  tube  at  atmospheric  pressure.  Hence 
proviaon  must  be  made  for  increase  in  gas  fwessure  dtning  the 
initial  heating  of  the  calcium  in  a  closed  tube  containing  air  at 
atmospheric  pressure.  For  it  is  ta  be  remembered  that  the 
chemical  action  begins  at  about  300^  C  and  is  most  effective  at  a 
low,  red  heat. 

The  first  samples  of  the  vacuum  diamber  with  attached  calcium 
evacuator,  described  in  the  foregnng  pages,  were  prepared  about 
seven  years  ago  and  taken  3200  miles  to  an  observatory  without 
mishap.  This  experience  showed  that  equipped  with  several 
vacuum  radiometers  of  this  type  one  can  go  to  the  remotest 
statitHi  without  taking  a  pump. 

A  further  improvement  will  come  from  the  discovery  of  a  cement 
for  securing  the  windows  which  will  not  give  off  vapors,  and  thus 
increase  the  efficiency  of  the  device. 

4.  coHCBRnnra  raoutioh  SEHsinvTrT  tbsts  op  vacuum 


It  is  beyond  the  scope  of  this  paper  to  describe  fully  the  methods 
of  calibration  of  radiometers  and  the  various  methods  which  may 
be  employed  to  test  the  variation  in  their  radiation  sensitivity. 

In  this  connection  it  is  to  be  remembered  that  the  sensitivity 
of  the  auxiliary  Thomson  galvanometer  varies  with  the  diurnal 
change  in  terrestrial  magnetism,  etc.  The  current  sensitivity 
may  therefore  be  tested  by  a  simple  device  described  in  previous 
papers.* 

The  radiation  sensitivity  of  a  vacuum  bolometer  and  to  a  less 
extent  of  a  thermopile  (because  of  its  greater  heat  capacity)  is  a 
function  of  the  kind  and  the  pressure  of  the  residual  gas.  The  sen- 
sitivity of  a  bolometer  is  2.5  as  great  in  hydrogen  as  in  air 
at  the  same  gas  pressure.  It  has  been  foimd  by  Reinkober" 
and  also  by  the  writer  that  the  radiation  sensitivity  of  the 
Ruben's  tbennopile  (of  wire  0.15  mm  in  diameter)  in  a  vacuum 
is  only  about  1.5  times  that  in  air.    The  radiation  sensitivity  of 
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the  present  thermopile  is  doubled  in  a  vaonuD.  In  this  tostru- 
ment  the  sensitivity  varies  but  little  during  the  course  of  a,  day's 
worlc.  In  maJoDg  transmissivity  (and  reflectivity)  measurements 
it  is  su£5cient  to  have  the  radiation  sensitivity-  remain  constant 
while  mairing  the  two  sets  iA  measurements,  namely,  (i)  the 
intensity  of  the  radiation  transmitted  throu^  the  substance,  and 
(2)  the  intensity  (^  the  diF»:t  radiatioD. 

If  it  is  desired,  the  variation  in  radiation  sensitivity  of  the 
vacuum  thermopile  (and  of  vacuum  radiometers  in  general)  may 
be  determined  t^  means  of  a  standard  incandescent  lamp,**  or 
other  suitable  means. 

In  conclusion,  it  is  relevent  to  empasize  the  fact  that  the 
UKxeast  (say,  50  to  100  per  cent)  in  radiation  sensitivity  by  placing 
the  ordinary  laboratory  radiometer  (thermopile)  in  a  '^Kuum  is 
lelatively  small,  and  that  the  chief  gain  lies  m  elimination  of  un- 
steadiness of  the  galvanometer  reading  by  elimination  of  con- 
vection cturents.  This  is  easily  accomplished  by  lr«^pmg  the  air 
pressure  less  than  o.i  nun. 

Washington,  March  4,  1921. 

"  VcCuilcy,  Aittophyi,  J.,  tl,  p.  (64;  iptj. 
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INTERFERENCE  MEASUREMENTS  IN  THE  SPECTOA 
OF  ARGON.  KRYPTON.  AND  XENON 

By  W.  F.  Meggen 


The  apectn  of  th«  inert  giaei,  capeciaUjr  of  the  heaTier  onei,  eoataia  ttnog  Unea 
wUch  npRMnt  wave  lengtlu  paeauaag  a  lii^  degree  of  homogeBcity  and  tepcoiodf 
bilitjr  and  theae  lines  are  tberefore  suitable  for  use  as  itandards  of  wave  length.  This 
pcqier  givea  the  valuea  of  50  wave  lengths  in  the  spectrum  of  argoa  (3948  to  8531  A), 
i8o(kt7pton(4i73  toTtei  A),  and  11  of  xenon  (45ooto4()93  A),  allof  whidiharebeea 
compared  with  the  ware  length  ot  the  nd  radiatkia  from  «adinixim  (643S.4696  A) 
which  is  the  international  primary  standard.  These  wave-length  comparisons  were 
made  by  means  of  etakm  interfeiometera  and  most  of  the  vBluea  are  probablT-  correct 
to  one  part  in  several  millians.  The  cl^ance  and  precUon  of  the  lnteitaoin«ter 
methods  for  wRre-lcngth  oompariaotK  ore  demcnstrated  by. the  cloae  ^reemcnt  be- 
tween values  obtained  by  difierent  observeia,  and  also  by  the  constant  frequency 
differences  of  many  of  the  lines  belon^ng  to  combination  series.  There  are  only  ft 
few  CBSes  where  independent  observers  diSa  by  0.004  A  or  mote.  From  the  wave- 
length measttremcnta  in  argmand  loTpton,  frequency  diflerenccs  are  obtadscd  which 
are  CMistant  within  the  piot^le  error  id  the  measurements.  This  further  con&ms 
the  exactness  of  the  Oimbination  Principle  of  Ritz.  If  these  frequency  differences 
are  regarded  as  true  constants,  they  testify  to  the  accuracy  in  relative  valtie  of  the 
ware-lo^ths  involved. 

COKTBHTS 
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Ur.  Results 198 
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I.    INTRODUCTION 

Interferometer  comparisons  of  wave  lengths  with  the  object  <^ 
establishing  satisfactory  secondary  standards  were  midertaken  by 
this  Bureau  some  years  ago  and  have  resulted  in  the  following 
publications  in  this  Bulletin: 

1.  "Wave  lengths  of  neon,"  *  in  which  the  wave  length  of  the 
neon  line  5852  A  is  compared  vritb  the  cadmium  standard  and 
values  for  nine  other  neon  lines  are  obtained  rdative  to  5852  A. 

2.  Interference  measurements  of  "Wave  lengths  in  the  iron 
spectrum,'"  giving  the  values  for  125  iron  lines  (2851  to  3701  A) 

1 B.  a  BOB.,  (,  p.  «j},  I9II1  8.  p.  U9. 1911.  ■  B.  S.  BnlL,  II.  p.  mi  i»i!. 
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as  suitable  standards  derived  horn  the  international  primary 
standazd. 

3.  "Interference  measurements  of  wave  lengths  in  the  iron 
speclkum,"'  where  402  wave-lcng;tii  valiieB  (3761  to  6750  A)  an 
given,  most  oi  vrfnch  are  tertiary  standards  iliter|tolated  between 
the  accepted  international  secondary  standards  by  the  Buisson 
and  Fabry  interferometer  ttiethod. 

4.  "Wave  lengths  of  the  stronger  lines  in  the  helium  spec- 
trum," *  i»esenting  21  values  (2945  to  7281  A). 

5.  "  Measurements  of  wave  lengths  m  the  spectrum  (ri  neon. "  ■ 
TTie  Wave  lengths  of  55  lines  lying  in  the  wgion  3369  to  8495  A  are 
given  in  this  paper. 

Purther  work  of  this  kffld  has  recently  oeea  resumed  in  the  ^lec- 
tftiscopic  laboratory  of  this  Bitteau  and  vftlues  obtained  Im'  the 
stronger  lines  in  the  spectra  of  argon,  trjrpton,  and  xenon  are 
pres^ted  in  this  pi4}er. 

The  importance  of  accomte  OiewsttreDKKts  of  wavm  leogtiia  in 
&e  Spectra  of  the  Inert  gases  can  scarcely  be  overestiniated.  It 
was  shown  by  Buisson  and  "Pabry  *  that  spectrum  tubes  of  these 
gases,  especially  tbe  heavier  ones,  give  lines  which  poaBeas  a  li^ 
degree  of  homogeneity.  In  fact,  thfey  are  the  narrowest  spectral 
regions  of  emission  which  are  known  at  the  present  time.  The 
wave  lengths  are  therefore  susceptible  of  very  precise  measure- 
ment, and  this  precision  together  with  reproducibility  and  con- 
venience in  operating  the  source  are  considerations  which  recom- 
mend the  use  of  these  lines  as  standards  of  wave  length,  or  even  as 
fnndamental  units  of  length.  For  several  years  the  wave  lengths 
of  helium  and  neon  lines  have  been  in  continuous  use  at  this 
Bureau  for  the  accurate  length  measurements  of  precision  end 
standards  and  gage  blocks,  and  for  a  study  of  the  doubtful  perma- 
nency of  such  material  standards.^ 

In  addition  to  their  practical  value  as  units  of  length  or  standards 
of  wave  length,  emission  lines  in  the  spectra  of  the  inert  gases, 
because  of  the  precision  with  which  they  can  be  measured,  are  of 
great  thCOTetical  interest  in  unravelling  the  laws  of  spectral  series, 
calculation  of  fundamental  spectroscopic  constants,  etc. 

In  the  case  of  each  of  the  gases — ^neon,  argon,  krypton,  and. 
xenon — ^frequency  differences  which  were  suspected  of  being  con- 
stant had  long  been  observed  but  it  remained  for  the  interier- 


•  B.  8.  Bull.,  14,  p.  765;  itO. 
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Moeter  oompariaoqs,  fii^t  m«de  in  the  case  of  noon,  to  prove  that 
tiiese  farequeDoy  diffei^aices  are  really  coastant  to  tbe  limit  o( 
fwcuiBcy  obtainable  in  wave-length  measuremeats  at  the  preaeat 
time.  Tbia  was  a  complete  coofinnatioQ  ctf  the  Cambinatioa 
Priodpte  of  Ritz  and  gives  some  cooceptioQ  of  the  extreme  nice^ 
with  whida  the  atom  is  ccoistnicted.  It  will  be  shown  below  that 
{mquepcy  diflaenees  ia^e  spectra  of  aitpn  and  krypton  are  alao 
fxtftstent  to  th*  same  deerae  as  in  neon.  It  should  alao  be  men* 
tioned  that  theae  cooMant  diSemices  in  tbe  spectia  of  the  inert 
gaaes  whicli  have  attracts  attention  £or  many  years  have  oaiy 
reetntly  djsdoacd  their  physical  sign^caoce  and  hence  awumsd 
«on»d«rabl«  theoretical  value.  The  ccmttaot  diSerencea  bt  neon. 
for  example,  have  very  recently  been  arranged  into  spectral  series 
by  Meisavt  •  and  more  comptetc^y  by  Paachen.*  Tluua  the  spec- 
trum qI  neon  which  had  puzzled  spectroscopists  for  a  long  time 
btt  sttddoily  become  one  of  the  moat  completely  and  accumtely 
defined  seta  of  scries,  comprising  over  Soo  lines  betinco  the  waveT 
teuffth  liouts  ;i56i  and  9314  A.  More  extensive  wa>ve"kactb  me«»- 
imaocnts  ai*  nquErod  befon  ^te  spectra  of  argon,  kryptonu  and 
whon  con  be  discussed  in  a  similariy  comply  and  final  manner; 
Whereas  In  the  case  of  neon,  the  greatest  nuntber  of  i^ted  con- 
vergence limits  waa  found  to  be  10,  the  maxitnum  number  oi 
related  suboodinate  series  Urnits  in  argon,  acRording  to  Nisasn,  '* 
tflz8.  In  tbe  hdium  spectrum  a  series  system  of  doublets  is  kaown: 
It  may  therefore  be  expected  that  in  the  remainittg  rare  gases, 
krypton;  and  nnon,  the  number  of  related  subordinate  aeries  limits 
viU  be  found  e^uat  to  tbe  numbet  of  electrons  in  the  atom;  that 
is,  3.6  to  54,  respectively. 

H.  APPARATUS  AND  METHOD 
The;  aH>ara.tus  consisted  of  spectrum  tubes,  Fabry  and  Ferat 
etalon-type  interferooieters,  spectrographs,  and  a  measuring 
eqgine.  The  general  method  of  mating  wave-length  comparisons 
with  such  equipment  was  originated  by  Fabry  and  Pexot."  It 
is  the  ai^oved  method  by  which  the  international  sccoadary 
standards  have  been  obtained  and  has  been  described  so  often  ** 
that  it  is  imnecessary  to  repeat  its  description  here. 

•  Aim.d.  Fh]r>..W.  p,  333:  1919, 

•  An*.  41.  Pby^  w.  p.  m;  i»i>. 

»  PhyL  Zl.  tl.  p.  ij;  I9». 
■>  Au.  d.  CUb..  Et.  o.  i»:  i9«. 
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Tubes  ccmtaiiung  either  cadmium  vapor  or  one  of  the  inert 

gases  (neon,  argon,  krypton,  xenon)  were  made  luminons  fay  a 
high  potential  alternating  current  of  10  to  30  milliomperes.  All 
the  tubes  were  made  with  internal  electrodes  of  aluminum.  Li^t 
was  taken  from  the  central  portion  (5  mm.)  of  tube  capilluies 
exceptin  the  case  of  cadmium,  which  was  iised  "end  on."  The 
nojn,  argon,  and  cadmium  tubes  were  made  at  this  Bureau  but 
tubes  of  krypton  and  xenon  were  imported,  it  being  impossible 
to  obtain  in  America  sufficient  quantities  of  these  gases  in  a  pure 
state.  One  quartz  tube  each  of  krypton  and  xenon  was  filled  a 
number  of  years  ago  by  the  late  Sir  William  Ramsey,  and  several 
small  glass  tubes  containing  krypton  and  xenon  were  recently 
obtained  from  Geissler  Nachfolger. 

All  the  tare  gases,  especially  the  heavier  ones,  cause  sputtering 
of  the  electrodes  on  the  walls  of  the  tubes.  It  appears  that  this 
electrode  deposition  imprisons  some  of  the  gas  so  that  ultimately 
the  tubes  become  vacuous  and  resist  the  passage  of  any  current. 
This  phenomenon  has  been  described  by  Collie,"  wbo  states  that 
heating  the  tube  recovered  part  of  the  gas  in  tiie  case  of  krypton^ 
but  had  little  effect  on  xenon.  Collie  tried  xenon  tubes  with 
cathodes  of  platinum,  aluminum,  or  copper  and  found  that  "with 
copper,  although  a  very  large  amount  of  tlie  cathode  is  volatilized, 
the  disappearance  oi  the  xentm  proceeds  more  slowly. ' '  It  may 
be  that  some  other  metal  which  has  even  less  effect  than  copper 
could  be  found. 

The  electrode  deposit  occurs  very  rapidly  when  the  gas  pressure 
in  tiie  tube  is  very  low.  Such  was  the  case  with  the  Geissler 
tubes  which,  thou^  filled  with  pure  gas,  were  at  such  low  pressure 
that  the  cathode  daik  space  reached  the  walls  of  the  tube  and 
cathode  ray  bombardment  caused  tibe  well-known  green  fluores- 
ceatx  in  the  glass.  These  tubes  deposited  the  electrode  material 
on  the  walls  with  such  speed  that  a  15  to  30  minute  run  put  bti^t 
mirrors  on  the  bulbs,  the  tubes  thereafter  becoming  vacuous 
and  worthless. 

It  is  also  observed  that  with  increaang  deposit  and  consequent 
decreasing  gas  pressure  the  tubes  have  a  tendency  to  emit  the 
so-called  second  spectrum  instead  of  the  first.  At  a  certain 
stage  near  the  end  of  the  life  of  the  tube  a  flickering  color  change 
takes  place  in  the  capillary  and  examination  with  a  direct-vision 
spectroscope  shows  that  the  first  and  second  spectra  are  emitted 

»  Froc  Roy.  Soc..  VI,  p.  ug;  igio. 
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eitber  together  or  ahemately.  These  facts  axe  ffleatkmed  as 
more  or  less  objectionable  featiires  in  the  use  of  rare  gas  tubes  as 
sources  of  standard  wave  lengths.  Tubes  filled  in  our  laboratory 
with  helium,  neon,  and  argon  to  pressures  corresponding  to  several 
miUimeters  of  mercury  have  been  operated  for  several  hundred 
hours  without  becoming  vacuous  and  it  seems  probable  that 
tubes  of  krypton  and  xenon  would  be  relatively  permanent  if  filled 
in  the  same  way.  It  is  worth  while  to  experiment  further  to  dis- 
cover tiie  spedficaticms  as  to  gas  pressure,  electrode  material, 
current  strength  and  potential,  etc.,  which  will  increase  llie  life 
and  usefulness  of  spectrum  tubes  of  the  heavier  inert  gases. 

A  spectrograph  with  rock-salt  prism  apd  quartz  lenses,  designed 
espcdally  for  work  in  the  ultra-violet  q)ectnmi,  was  used  to  record 
the  interference  rings  for  lines  between  3300  and  7600  A  on  plates 
stained  with  pinacyanol.  The  spectrum  of  ai^n  was  fnrther 
investigated  from  6000  to  S500  A  by  means  of  interferometers 
used  with  a  concave  grating  mounted  in  parallel  lig^t.  Plates 
stained  with  dicyanin  were  used  i<x  these  longer  waves.  The 
exposures  with  the  prism  spectrograph  ranged  from  30  to  60 
minutes  each  for  the  rare  gas  q}ectra  and  i  or  z  minutes  for  the 
cadmium  spectrum.  Work  with  the  ccmcave  grating  involved 
exposures  of  from  2  to  10  hours  for  the  gases.  As  a  rule,  the 
cadmium  was  exposed  before  and  after  each  of  the  others.  A 
neon  exposure  was  added  to  each  plate  because  of  the  convenience 
in  using  the  necm  wave  lengths  for  detennining  the  order  of  inter- 
ference or  size  of  etalon." 

A  series  of  etalons  made  of  invar  was  used  to  separate  the  inter- 
ferometer plates  by  distances  of  2,  3.75,  10,  15,  20,  25,  and  40  mm. 
Host  of  the  wave  lengths  given  in  the  tables  are  the  mean  values 
of  6  to  10  or  more  comparisons  with  the  primary  standard  and  the 
majority  of  these  values  are  derived  frwn  the  use  of  25  or  40  mm 
etaions.  The  relative  values  obtained  from  the  small  etalons  (2 
and  3.75  mm)  were  used  with  those  derived  &om  the  larger  ones 
(25  and  40  mm)  to  find  the  corrections  which  were  applied  to  the 
final  wave  lengths  to  eliminate  differences  in  apparent  penetration 
of  the  interferometer  films  as  described  elsewhere."  The  inter- 
ferometer plates  used  with  the  prism  spectrograph  were  of  fused 
quartz,  plated  with  nickel,  and  for  the  work  with  the  grating 
glass  plates  coated  with  thin  copper  films  were  used.  These  inter- 
ference etalons  were  mounted  in  the  chamber  for  temperature 
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contrcA  used  vi  ^  work  c^  tUs  BtvcfM  on  the  nuiox  of  refractloa 
of  air  and  described  previously.'* 

The  Umg  exposures  meotianed  above  re(|tured  canful  tempera- 
ture control  of  the  int^feroiiieter  so  as  to  guard  agsinst  chaagea 
either  in  the  dimetisioaa  of  tbe  interfurjonetei'  or  in  the  rabraotive 
indi^  of  the  air  between  tbe  pistes.  For  about  half  of  the  exr 
posures  tb«  interferometiar  wa3  main  twined  at  i5°Ciaidfbrtham^ 
mainder  it  waa  held  ckwer  to  laom  tewperatura  (»o  to  aa*  C). 
Tbe  small  conectioDs  neoeaaary  for  deviations  c^  air  pceawre  and 
temperature  from  normal  conditiotis  were  made  from  tableo  pm- 
pared  for  this  purpose." 

m.  RKSTTLTS 

Wave  lengths  of  the  stronger  Ihies  in  the  spectra  of  argon, 
krypton,  and  xenon  are  given  in  Tables  i,  3,  and  5,  respectively, 
in  which  the  values  for  50  argon  lines,  18  krypton,  and  12  xenon 
are  presented.  Most  of  the  values  are  thought  to  be  correct 
witUn  one  or  two  thousandths  of  an  angstrom.  Values  obtained 
by  other  observers,  using  the  same  method  and  based  on  tihe 
Jntemational  primary  standard,  are  added  for  purposes  of  compari- 
son. All  the  wave  lengths  are  therefore  expressed  in  International 
angstrom  miits  and  represent  the  lengths  of  waves  in  air  at  a 
temperature  of  15*  C  and  pressure  of  760  mm  mercury. 
TABt£  1.— Wan  Lm0ba  in  the  Aitoo  Spectnui 
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'Dibles  2  and  4  show  some  of  the  frequency  differences  (differ- 
ences in  waveb  per  centunetol:  in  vacuum)  which  exist  uaong 
wave  leng^ths  of  argon  and  krypton.  The  constancy  <rf  these  fre- 
quency difFerences  is  of  interest  in  view  of  the  hj^  degree  of  pre- 
dsion  which  the  wave-length  mcasuremeats  are  bdieved  to  possess. 
Measurements  on  the  refractive  index  of  air  '*  which  were  made 
at  this  Bureau  were  used  m  computing  the  frequencies  in  vacuum 
from  the  wave  lengths  in  air. 

Regularities  in  the  spectrum  of  argon  were  first  detected  fay 
Rydbeig,"  who  listed  23  groups  of  lines  having  frequency  dif- 
tN^aces  which  were  teptated  from  group  to  group.  Additional 
groups  of  the  same  type  were  pointed  out  by  I^ulson."  Then 
Meissner  **  determined  some  of  the  longer  wave  lengths  fay 
direct  comj»rison  with  the  cadmium  standard  and  found  that 
the  ftequeocy  difierences  tunong  the  quadmiidets  were  ccHistant 
withfai  the  limits  of  probaWe  error  in  the  wave-length  measure- 
meats.  Twenty-eig^t  <rf  the  argon  lines  in  Table  i  belong  to 
quadrufdets  of  this  type.  Table  2  gives  the  quadruplets  in  which 
two  or  m(M«  of  the  lines  in  TtdJe  i  are  present. 

Wave  lengths  given  to  two  decimal  places  ate  taken  from  the 
Eoeasureffients  of  Kayser"  and  are  convuted  to  the  intema- 
tioaal  scale.  The  line  8667.97  '^'^^  obtained  from  diffraction- 
grating  spectra  mode  by  this  Bureau  not  yet  published.  The 
three  decimal-place  values  are  found  in  Table  i,  except  those 
contained  in  parenthesis,  i^iich  are  predicted  from  the  others  by 
means  of  frequency  difFerences  in  parentheas  and  assuming  that 
each  of  the  12  groups  of  lines  is  really  a  complete  quadruplet  It 
is  evident  that  the  frequency  differences  between  lines  measured 
by  the  interferometer  are  constant  within  one  part  in  three  or 
four  millions  which  is  the  same  order  of  accuracy  as  the  wave- 
lengUi  measurements,  l^is  may  be  regarded  as  another  veri- 
fication of  the  exactness  of  the  Combination  Principle  of  Ritz. 
On  the  other  hand,  if  these  frequency  differences  are  really  con- 
stant, it  follows  from  Table  2  that  the  measurements  determining 
the  relative  values  of  irove  lengths  involved  in  these  combina- 
tions can  not  be  in  error  by  more  than  one  or  two  thousandths 

■■  B.  S.  Bull..  14,  p.  711;  ivi«.  ■■  Ptmik.  Z.,  13.  p.  M91  't'^ 
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of   an   angstrom.     The   following   frequency   relatknis   may   be 
considered  to  hold  thioug^ut  each  group  ci  four  lines: 
>,-?,+ 606.837 

!',->•,  + 803.075-^1  + 1409.912 

Vt  —  v,  +  S46.163  -  r,  + 1649.237  —  y,  +  2256.074 

TABLE  2.— TiMpuiKT  DUteoncM  in  the  Aigon  Spectnu 
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TABLB  3^— Wwe  L«ag(hs  la  tlw  KiTptoa  Spttctmat 
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Pairs  of  lines  in  the  spectrum  of  krypton  having  the  same  fre- 
quency difiference  were  first  discovered  by  Paulson."  Similar* 
pairs  among  the  longer  wave  lengths  were  found  by  Merrill.** 
Some  of  these  are  reproduced  in  Table  4  in  which  the  last  four 
pairs  are  completely  represented  by  the  wave  lengths  in  Table  3, 
The  constancy  of  these  frequency  differences  is  really  remarkable 
since  no  value  difiFers  from  the  mean  (945.028)  by  more  than  one 
part  in  about  10  millions  of  the  wave  number. 

Pairs  of  lines  suspected  of  having  constant  frequency  dif- 
ferences have  had  attention  called  to  them  by  Paulson,**  but  all 
of  these  associate  rather  faint  lines  with  the  stronger  ones  of 
Table  5  and  these  data  are  therefore  not  complete  enough  to 
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test  the  constancy  of  frequency  differences  in  this  spectrum.  It 
is  hoped  to  extend  the  wave>length  measuiements  to  fainter  lines 
OS  Soon  as  more  spectrum  tubes  of  xenon  gas  can  be  obtained. 


TABUS  5.— Ware  Lengtlu  In  the  ZetMU  SpMtmm 
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IV.  SUM  BURT 

The  spectra  of  fhe  inert  gases  contain  strong  lines  which  rep- 
resent wave  lengths  possessing  a  high  degree  <tf  homogeneity 
and  reproducibility  and  are  therefore  suitable  for  use  as  standards 
of  wave  length.  Tlus  paper  gives  the  values  of  50  wave  lengths 
in  the  spectrum  of  argon,  18  of  krypton,  and  12  of  xenon,  all  of 
Which  have  been  compaicd  with  the  international  primary  stand- 
ard by  means  of  interferometers.  The  wave  lengths  are  considered 
to  be  correct  to  o.ooi  A  in  most  cases.  The  el^ance  and  re- 
finement of  the  interferometer  methods  for  wave-length  com- 
parisons are  evidenced  by  the  close  agreement  between  values 
obtained  by  difiterent  observers,  and  also  by  the  constant  fre- 
quency differences  of  many  of  the  lines  belonging  to  combinatkm 
series.  There  are  only  a  few  cases  where  independent  observers 
, differ  by  0.004  A  or  more.  From  wave-length  measurements  in 
argon  and  krypton  frequency  differences  are  obtained  which  are 
constant  within  the  probable  error  of  the  measurements.  This 
further  confirms  the  exactness  of  the  Combination  Principle  of 
Ritz.  If  these  hequency  differences  are  considered  as  true 
constants,  they  certify  to  the  accuracy  in  relative  value  of  the 
wave  lengths  involved.  More  work  of  this  kind  on  the  part  of 
different  observers  is  very  much  to  be  desired  so  that  an  ex- 
tended system  of  accurate  secondary  standards  will  ultimately 
be  produced. 

WA^nNGTON,  May  9,  1921. 
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USE  Cff  THE  ULBRICHT  SPHERE  IN  MEASURING 
REFLECTION  AND  TRANSMISSION  FACTORS 

By  Enoch  Kuret 

ABSTRACT 

Abriefhiatoricalmivcy  is  gtven  of  the  methods  and  uHtTumeiitBuaed  is  mfamirine 
&e  reflectkni  factcn'  of  surfaces.  The  theory  of  the  infinite  luminous  plane  is  discussed 
at  wine  kagth  in  ccmnectioii  witb  tbe  Knttinf  abaohite  reSectometer,  ^rtdcb  is  based 
on  this  theory.  Recent  aaggeatioat  of  the  use  of  the  Ulbricht  sphere  arc  tiattd  aad 
severalnew  waysof  tuiflgit  aredMcribed-  A  rcfiectotneter  based  on  one  of  the  latter 
wHyi  is  deacribed  in  detail.  This  consists  in  a  combinaticsi  of  the  qihere  with  the 
Martens  poteization  photometer.  Hie  nufoce  wbeoe  reflectkn  factor  is  sought  is 
laidoveranBpertnrein  thciphcrc.  The  brightness  of  it  is  compared  with  the  bright- 
ness of  the  ^ihete  wall.  !&y  screodng  the  test  surface  from  the  first  reflected  li^t  this 
OMapftdsod  glna  dhwitly  -the  unknown  reflectlea  factor.  The  theory  of  this  use  ot 
diBi|d>ereiagiT<enlnfnll.  Tha  raflaqtMn  hctor  at  *  block  of  gMnneshioi  caiboaste  is 
riiown  to  be  98.7  per  <ent  by  Bwaiis  of  this  instnuncst. 

A  transmisKHnetcr  baaed  on  die  same  theory  ia  also  deacribed.  It  is  also  pointed 
out  that  the  spectnl  refleclka  and  tranamiasKMi  factors  may  be  obtained  in  thia  way 


A  ntopler  and  less  fxpiawvc  Rflectooicter  la  also  ducribedi  that  irill  -enaUe  one 
to  obtain  the  reflection  factor  of  surfaces  to  within  10  to  ij  percent. 
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!«.  Use  of  reflectonwtcr  and  traasmiMMB 

1.  nmoDOCTioN 
The  purpose  of  this  artick  is  to  present  a  general  surv^  of  the 
theory  of  the  methods  of  measurement  of  the  rejection  factor  of 
substances,  and  to  describe  in  detail  some  new  pieces  of  appa- 
ratus for  the  measurement  of  this  quantity  and  for  the  measure- 
ment of  tlie  transmissicm  factcff.' 

•T^ihImiImiIIIwIiibm'    '11    '    "i      '     "i"        '1        "j   --■■,-•« 
kis  Sodctir  (ntisrt  d  "—"■'"—  u  *■"•"—*""*  lad  Mnuluib.  i«iS}.    The  tt 
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The  apparatus  described  in  greatest  detail  is  a  ceflectotneter 
consisting  of  a  photometric  sphere  and  the  Martens  polarization 
photometer.  The  novelty  in  this  suggestion  lies  not  in  the  use 
of  this  particular  photometer  in  tlie  study  of  the  transmission 
and  reflecrion  by  bodies  nor  in  the  use  of  the  sphere  in  this  con- 
iKction,  but  in  the  use  of  the  sphere  in  a  way  that  is  in  accord  with 
the  simple  theory  of  the  sphere,  and  that,  in  conjunction  with  a 
^otometer,  such  as  the  Martens,  allows'  an  absolute  determina- 
tion of  either  the  transmission  or  refleiotiaa  factor  in  ooe  obset' 
vation. 

2.  BSSTdltlCAL 

The  measurement  of  reflection  factors  for  surfaces  that  reflect 
more  or  less  diffusely  has  received  considerable  attention.  Thaler ' 
made  a  th<»:ough  test  of  the  bdutvior  of  a  lew  aubstflLDces  in  this 
tcspect.  Although  he  was  ntrt  iaterested  in  the'  total  diffuse 
reflection  factors,  his  data  *  for  a  surface  smoted  with  magnesium 
oxide  determine  values  between  0.89  and  P-90. 

Sumpner*  made  use  of  the  increased  brightne—  of  the  waHs 
resuhing  when  a  lamp  was  introduced  within  an  inclosure,  to 
study  reflection  and  transmission  by  substances.  Rosa  and 
Taylor*  used  the  same  phenomenon  with  the  sj^ere  to  obtain 
the  reflection  factor  of  titeir  sphere  paint.  The  method  depends 
upon  the  comparison  of  illumination  at  a  particular  .point  from  a 
given  source  when  the  direct  flux  only  is  considered  and  when 
■fliis  flux  is  altered  by  inclosing  the  source.  Since  ihe  indosure 
affects  the  flux  in  all  directions  from  the  ^lune,,  the  direct  flux, 
with  which  comparison  is  made,  nmat  be  the'sverdge  direct  flux 
from  the  source.  '    '■     '_  ""  ■ 

Gardner*  gives  data,  obtained  in  The  Electrical  T^tii^  Labo- 
ratories by  the  use  of  the  sphere  in  a  manner  suggested  by  Little, 
on  the  reflection  fftctors  of  colored  surfaces.  Thj^  method  is 
relative,  consisting  of  ti*e,  ^neafluwment  of  the  brightness  of  the 
sphere  wa^s_whe^  illuminated  by  the  lest, or  standard  si^rface 
placed  successively  inside  the  sphere.,  The .  t^t  .or  standani 
surface  only  is  illupiinated  directly  by  a  sowc^  .that  is  mi?pt  con- 
v^ently  p^ced  outside  the, sphere.  ,.    ■       ■  , 

>AOB.d.Phyi..*tS,D 
■In  is  tUi  eddncctioD  Ml 
•  Ann.  d.  PhyL.  Ulk  p.  uq6.  TM>k  i. 
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Nutting*  has  made  some  interesting  and  impratant  considera* 
tions  on  an  instrument  for  determining  tlie  reflecting  power  of 
opaque  bodies.  This  instrument  was  a  very  portable  refiiectom- 
eter,  depending  on  no  standards,  and  had  the  unique  property 
of  requiring  no  Ught  source  as  a  necessary  adjunct.  Any  general 
illuminatioti  at  the  place  where  measurements  were  made  m^ht 
soffioe.  Because  this  reflectometer  bears  some  semblance  to 
that  described  in  this  article,  some  parts  of  the  underlying  theory 
are  given  below.  The  sources  of  error  that  exist  in  the  Nutting 
reflectometer  will  not  be  dwelt  on  here.  They  have  been  pointed 
out  by  others.*  

3.  USS  OF  TT^B  SpSBItK 

Luddesh*  has  more  recently  called  attention  to  the  uttsatis- 
iacXairf  state  of  th^  measurement  of  reflection  factors,  pointing 
out  the  desirE^nlity  of  arxiviog  at  some  standard  methods,  and 
su^^esting  the  use  of  the  ^>here  in  the  following  manner:  Around 
a  truisluceitt  ^ihere  ate  distributed  seveial  light  sources,  and 
the  whole  is  siurounded  by  a  white-walled  box.  Tht  surface, 
the  reflection  factor  of  which  is  sought,  fills  a  small  aperture  in  the 
6[4iere.  The  brightness  of  the  test  surface  is  measured  by  matching 
the  brightness  of  it  with  that  of  the  field  in  an  auxiliary  pho- 
tometer. The  pn^x>sed  method  is  good,  but  it  involves  the  use 
of  all  the  photometric  accessories  required  in  the  ordinary  use  of 
the  sphere,  and  require,  further,  a  standard  reflecting  surface. 
"The  means  employed  of  illuminating  the  sphere  walls  would  have 
to  be  altered  somewhat  in  order  that  full  advantage  may  be  taken 
of  the  theory  of  the  sphere.  In  any  case,  however,  the  use  of  the 
principle  of  the  sphere  has  decided  advantages  over  the  laborious 
method  of  measuring  the  reflection  factor  for  various  directions, 
and  then  by  integration,  graphically  or  otherwise,  deriving  the 
total  reflection  factor. 

Much  credit  is  due  Taylor"*  for  pointing  out  several  ways  by 
which  the  sphere  may  be  used  to  determine  the  absolute  reflection 
factor.  The  most  obvious  ways  (including  those  of  Mr.  Taylor 
and  others)  of  using  the  sphere  to  measure  the  reflection  factor 
may  be  enumerated  as  follows: 

I.  By  comparison  of  the  illuminatifHi  due  to  reflected  flux 
alone  with  that  due  to  both  direct  and  reflected  flux.     If  E^ 

'Ttbu.  Uhnn.  &i(.  Soc.l.p,  4it:  igii. 

'  'Mi—uuui  I  It  d  ilMtint  fdtoetlflB  iKten,"  J .  Am.  Op.  Soc.l.p.  v.  ib»j  B.  S.  Sd.  Papen.  Not.  mi 
Hd^^lBdGsi.  ElBcIleT.,l*,p.ri. !»». 
•"UrmnnBieit  ti  Che  RflMtkn  facta."  Bkctrial  Workl,  If,  0.  S5S1  igi;. 
■•"Utuursncst  d  dlSuic  nflcdian  IscUn."  J.  Am.  Od.  Soc,  4,  p.  »;  t»*o.    AlB  B.  S.  Sd.  Vrnptn, 
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is  the  illumination  due  to  the  average  direct  flux  and  £,  that  due 
to  the  reflected  flux,  then 

lliis  is  the  method  uaed  by  Sumimer  and  Rosa  and  Taylor,  as 
described  above,  to  obtain  the  dMorption  factor  (a)  directly  and 
derive  therefrom  the  reflection  factor.    In  this  case 


Sumpner,  however,  used  an  inclosure  in  the  form  of  a  hollow  cyl- 
inder rather  than  in  the  form  of  a  hollow  sphere.  Sumpner  also 
used  this  method  to  obtain  the  transmission  factor  of  substances. 
It  is  applicable  only  to  materials  that  can  be  made  into  the  form 
of  a  sphere,  or  that  may  be  applied  to  the  inner  sphere  walls. 

2.  By  illuminating  sphere  walls  as  a  whole  indirectly  by  first 
illuminating  a  small  portion  of  them.  Br^htness  of  the  walls  is 
measured  when  complete  and  when  a  known  portion  of  the  sphere 
is  removed.  This  is  the  basis  of  a  proposed  reflectometer  hy 
Taylor  *'  to  obtain  the  reflection  factor  of  painted  sphere  walls. 
The  reflection  factor  p  of  the  sphere  wall  is  given  by  the  equation 

f^q  {.P+q-})+l^P  (i-9)]  +  P  (i-9)[9+{/'  +  ?-0   (» -^J 

.(.-,)'(.-0=. 

where  q  is  the  percentage  of  the  sphere  surface  cut  off  by  the  hole; 
p,  the  percentage  of  area  added  to  the  sphere  wall  when  the  hole 
is  covered  by  a  plane  surface;  b  and  6,  are  brightnesses  of  the 
sphere  walU  due  to  reflected  light  when  the  test  surface  has  a 
reflection  factor  of  p  and  o,  respectively.  A  particular  applica- 
tion of  this  method  was  made  by  Benfonl  "  for  the  determination 
of  the  reflection  factor  of  magnesium  carbonate  as  follows:  The 
brightness  (6,  and  b^  of  the  sphere  wall  was  measured  after  the 
removal  in  succession  of  two  known  fractional  parts  (i  —p^  and 
(i— /"i)  of  the  sphere.     The  reflection  factor  is  given  by 

b.-fc, 
"'byp.-b^p^ 

"J.  Am,  Op.  Soc..*,  p.  16;  i«ia.  "Gen.  Bl«.  Rn..tt.p.  n;  ign 
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This  method,  as  the  previous  one,  is  applicable  only  when  the  test 
substance  can  be  made  into  a  sphere  or  can  be  a[^lied  to  the 
inner  spbere  walls.  It  has  one  very  desirable  feature,  in  that  not 
ooiy  is  the  illumination  diffuse  but  the  reflected  flux  which  is 
measured  is  also,  and  the  whole  <rf  it  is  directly  contributory  to 
tiK  results.  Thedegreetowhirh  the  flux  isdiffused  depends  upon 
the  test  substance  itself,  itx  the  latter  constitutes  the  whole  of  the 
sphere  wall.  It  must  be  apjdbd  with  cauticKi  when  the  test  sub- 
stances are  any  other  thi^n  highly  diffusing. 

3.  By  method  (2),  modified  so  that  the  specimen  need  not  be 
the  whole  of  the  sf^here  wall  but  merely  a  small  known  portion 
of  it.  In  this  case  the  reflectioa  factor  p^  of  the  test  suifape  is 
given  by 

"'lb  PP 

i-q   b,    Pp  +  ii-q)  (i-p) 

where  p,  q,  p,  and  6^  have  the  same  meaning  as  in  the  method  (2), 
and  !>x  is  the  brightness  of  sphere  wall  when  the  test  surface  is  in 
place.  The  equation  given  xmder  method  (2}  is  derived  from  the 
present  one  when  Px—p-  This  method  retains  the  desirable  dif- 
fuseness  in  both  incident  and  reflected  li^ht  and  obviates  the 
restrictions  of  method  (2]  above,  but  the  sensitivity  of  it  depends 
upon  the  value  of  the  reflection  factor  measured. 

4.  By  use  of  part  sphere,  test  (or  standard)  surface  constt- 
tuting  a  known  portion  of  the  sphere  wall  is  illuminated  directly, 
The  standard  is  a  specimen  having  the  reflection  factor  of  the 
sphere  wall.  The  brightness  of  the  sphere  wall  is  measured  first 
when  illuminated  by  the  spedmen,  then  when  illuminated  by  the 
standard.  The  reflection  factor  (p,)  of  the  test  surface  is  given 
by  » 

«*» 


l-q  +  p(p+q-l) 

6,  and  b  are  the  vahies  of  the  bri^tness  of  the  sphere  wall  ^en 
the  aperture  is  covered  by  the  test  surface  and  by  the  standard 
surfoce  respectively.    This  method  was  one  adopted  by  Taylor 
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in  prefeMnce  to  the  jxecediug  one  because  it  is  more  accurate 
and  more  sensitive. 

5 .  By  use  of  the  complete  sjdiere^  the  speamen  betsg  placed 
in^de  and  illuminated  directly  (preferably  by  a  narrow  beam,  of 
%ht  projected  through  a  -window).  The  standard  is  a  spedncn 
of  known  reflection  factor.  Two  neasurements  of  brightness  of 
the  sphere  waU  are  necessary,  first,  ^rfien  Uloiniated  by  tin 
specimen,  second,  when  Ruminated  by  tin  standard.  This 
method  was  suggested  and  used  by  Utile,**  whose  standard  ma  a 
magnesrum-carbonate  surface.  The  ratio  of  these  gi-ves  the 
reflection  factor  of  the  sample  in  terns  of  the  standi.  Tfab 
method  may  be  improved  by  eHwinatiBg  die  standard  suiface. 
This  may  be  accomplished  by  screening  the  test  surface  bom 
the  observation  window,  theb  comparii^  the  brightness  of  the 
sphere  wall,  first,  when  illuminated  by  Uie  sample,  and  second, 
when  illuminated  by  illuminating  a  small  portion  of  the  wall. 
In  the  latter  case  no  screen  is  intefpoeed. 

6.  By  use  of  the  complete  sphere,  the  specimen  being  placed 
inside  and  illuminated  by  the  sphere  wall.  The  bri^tness  of 
tiie  sample  and  of  the  sphere  wall  are  compared  by  one  observa- 
tion. The  sphere  wall  may  be  illuminated  by  illuminating  a 
small  portion  of  it!  The  reflection  factorS  are  jn  terms  of  that  of 
the  sphere  wait.  If  the  test  surface  only  is  screened  from  the 
illuminated' portion  the  method  is  aii  absolute  one. 

7.  By  directly  illuminating  the  specimen  (constituting  a  negli- 
gible portion  of  the  sphere  wall).  The  watts  kre  illuininated  by 
the  specimen.  The  brightness  of  the  sphere  wall  at  a  point 
screened  from  the  test  surface  is  measured,  'first,  as  resulting 
from  the  iQumination  of  the  test  surface,  and  second,  as  resulting 
from  an  equal  illumination  of  a  portion  of  the  sphere  walls  un- 
screened from  the  observed  spot.  The  ratio  of  these  is  the  re- 
flection factor  of  the  surface.  This  is  the  method  embodied  in 
the  reflectometer  more  recently  designed  by  Taylor.  ••  No  stand- 
ard is  required. 

8.  By  illuminating  the  specimen  (constituting  a  n^ligible 
portion  of  the  spdiere)  by  means  of  the  sphere  walls,  vbidi  in 
turn  are  illuminated  by  a  natrow  beam  admitted  through  a  small 
widdow.    The  specimen  is  acreened  from  the  illuminated  9pot 


aaTcntka,  HIdsi.  Sbm-  Sdc.;  ib«.    Alao  B.  S.  Sd.  Fipcn,  No.  40). 
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No  standard  is  required.  This  method  was  used  by  9iaTp  and 
Little.**  These  authors  ^owed  that  the  reflectkm  factor  ol  a 
mirror  as  well  as  that  of  other  surfaces  may  be  ctnrectly  measured 
by  this  method.  It  may  also  be  pointed  out  that  all  movements 
of  the  photometer  in  making  the  measurements  required — 
namely,  of  the  brightness  of,  first,  the  speamea  and,  second, 
the  sphere,  wall — may  be  -avcHded  by  emjdoying  a  mirror  of 
known  reflection  factor.  In  some  experimental  work  with  this 
methbd  the  author  used  a  glass  prism,  by  the  rotation  of  wfaioh 
cither  the. specimen  or  the  comparison  spot  could  be  brou^t 
into  view. 

9.  By  method  (8)  just  described,  simplifi^  by  the  use  of  a 
Martens  polarization  ^otometer.  One  measurement,  comparing 
the  biightaess  of  the  specimen  with  that  of  the  ^here  wall,  wiU 
then  suffice.  This  is  the  method  to  whidi  special  attenti(m  is 
called  in  this  article.  It  is  the  method  embodied  in  the  reflec- 
tometer  described  in  detail  below.  It  is  suggestive  of  the  best 
combination  (for  certain  photometric  work)  in  which  the  ^here 
is  used  in  a  manner  that  takes  advantage  of  its  properties  and 
at  the  same  time  affords  simplicity  of  parts,  con^KKtness,  and 


10.  Still  other  methods  may  be  designed.  For  example,  by 
using  the  specunen  as  a  known  portion  of  sphere  wall.  Another 
known  portion  removed.  Two  measurements  of  brightness  of 
sphere  wall  are  required,  first,  when  sphere  is  complete,  and, 
second,  when  the  known  portion  is  removed.  This  has  the  advan- 
tage that  both  the  incident  and  the  reflected  light  are  diffused. 
The  degree  to  which  ¥fae  light  is  diffused  depends  in  this  case  and 
in  method  (3)  ftbove,  not  upon  the  specimen  as  in  methods  (i)  and 
(2)  a'bove,  but  upon  the  sf^es<e  wall. 

11.  By  modification  ot  the  foregoing  methods,  using  two 
8{&eres  slmultimeously,  so  that  only  one  meastirement  is  neces 
sary. 

13.  Sy  use  oC  a  new  method  of  obtaining  the  reflectiooftictor  of 
a  substance  that  may  he  appfied  to  the  walls  of  the  sjdiere  or  that 
may  be  made  into  a  spbere,  as  suggested  by  the  equation  given 
below  twder  the  theory  of  the  sphere.  The  relation  between 
Ha  brightness,  b„  of  the  sphere  wall  resulting  when  a  portion,  p, 
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(rf  it  is  made  lununous  and  the  brightnesSf  6,  of  the  humnous 
portion  is  given  by 

Thereflectionf«ctorp-T-r^'Wheref  — r-    Thequantities^,i,and 

6,  may  be  measured.     In  particular,  if  p  were  changed  until  6,  -  b, 

then  p- ■     :•    It  seems  that  this  method  is  simpler  than  method 

(z),  where  portions  of  the  sphere  are  removed,  and  simpler  than 
method  (j),  where  it  is  required  to  know  the  mean  spherical 
candles  of  the  source. 

One  simple  way  suggests  itself  whereby  no  beam  <^  light  need 
be  projected  into  the  sphere,  namely,  a  plate  of  diffusing  glass 
is  illuminated  on  one  side  so  that  the  brightness  of  the  revere 
^de  is  b.  The  plate  with  the  latter  ^de  toward  llie  sphere  b 
then  placed  against  the  sphere  aperture'  of  known  dimensions. 
FinaQy  the  brightness  of  the  sphere  walls  pittduced  by  this  lumi- 
nous plate  is  measured.  Hiis  arrangement  would  readily  allow 
of  a  variable  aperture  into  the  sphere. 

Furthermore,  the  method  of  illuminating  either  the  specunen 
or  the  sphere  wall  in  some  instatlces  may  be  different  from  that 
stated  above;  for  example,  in  method  (8)  above,  the  sphere  wall 
might  be  illuminated  by  transmitted  light  as  indicated  by  Luck- 
iesh." 

4.  THEORY  AUD  USB  OF  INFlinTB  PLAUBS 

The  Nutting  instrument  is  based  upon  the  principle  of  the 
infinite  luminous  plane.  The  illumination  **  on  a  plane  exposed 
to  the  flux  from  an  infinite  parallel  plan^e  source  of  tmiform  bright- 
ness b  (lamberts)  is  x  6,  provided  every  element  of  the  infinite 
plane  radiates  according  to  the  cosine  law.  If  a  small  reflecting 
surface  be  exposed  to  this  illumination,  it  will  reflect  per  unit 
area  at  the  rate  of  rpb  lumens,  where  p  is  the  reflection  factor 
of  the  surface.  Its  brightness,  therefore,  is  pb.  Hence  the 
ratio  of  the  brij^tness  of  the  small  plane  to  that  of  the  infinite 
plane  is  the  reflection  factor  sought.  The  surface  imder  t^ 
should  be  small  enough  not  to  change  the  brightness  of  the  Ituni- 
nous  plane.     Such  simple  conditions  are  not  realized,  however,  in 
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practice.  In  case  of  the  Nutting  reflectometer,  two  planes  of  the 
same  size  constitute  the  radiating  and  the  receiving  planes.  In 
such  a  case,  if  we  assume  them  infinite,  their  resultmg 
brightness  is  readily  calculable. 

The  brightness  of  the  planes  is  increased  by  the  multi- 
ple nSxction  of  li^t  between  them.  Let  S  (Fig.  i)  be 
the  infinite  plane  of  brightness  b,  illuminating  the  infinite 
plane  T,  and  let  the  reflection  factors  of  these  planes  be 
p,  and  p„  respectively.  As  a  result  of  the  direct  illum- 
ination from  5,  T  will  be  of  uniform  brightness  pfi,  and 
will  reradiate  onto  S  at  the  rate  irpi6.  As  a  result  of 
diis  S  will  have  its  brightness  increased  by  an  amount  of  pjtj>. 
The  plane  5  will  in  turn  increase  its  illumination  on  T  by  an  amount, 
rp^pjb.     The  total  illumination  Er  of  surface  T  will  be 

Er  =  irb+  Tp,p,&  +  irpi'pi'&  + ertc. 

The  brightness  of  T  is,  therefore, 


For  the  surface  S  we  obtain  the  brightness 
ba- 
6t 


6a  =  6  (I  +PJ>3  +  PiW+ +Pi''''p»''"'+ )  - 


fiiPi 


-Pv 


In  order  to  approach  the  condition  of  infinite  planes,  and  at  the 
same  time  retain  limits  consistent  with  a  portable  instnmient, 
Nuttii^  bounded  the  planes  with  a  mirror. 

The  effect  of  the  mirror  is  virtually  to  extend  by  multiple  reflec- 
tion the  planes  indefinitely.  If  the  mirror  were  nonabsorbing,  the 
finite  planes  bounded  by  it  would  give  effects  similar  to  infinite 
planes.  The  theory  of  them  then  would  be  also  as  simple  as  that 
of  infinite  planes.  The  mirror,  however,  will  reflect  only  a  certain 
proportion  p,,  of  the  flux  falling  upon  it,  ani  as  a  consequence, 
instead  of  an  infinite  plane  with  uniform  brightness,  we  have  an 
infinite  plane  composed  of  concentric  zones  of  varying  brightness. 
It  becomes  more  difBcult  to  calculate  the  illiunination  due  to  such 
a  luminous  plane  at  any  point  in  space.  This  will  be  seen  by 
conadering,  for  sake  of  simplicity,  the  illumination  at  a  point 
P  which  lies  on  the  line  perpendicular  to  the  plane  at  the  common 
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center  of  alt  the  zones.  I^t  S,  Fig.  2,  be  a  luminous  disk  of 
diameter  2a  and  of  unifonn  hrightness  b,  auxrownded  by  an  annular 
area  of  unifonn  brightness  pj>.  1?qt  the  -present  the  annular  area 
may  be  regarded  as  tiw  refltctkm  of  the 
di^  in  a  surroundiDg  drculftr  mirror  which 
reflects  an  amount  Pm-  The  width  of  the 
annuJar  area  is  tberdore  20;  its  btig^itness 
pjt.  The  iUmninaition  d«e  to  the  disk  5  at 
the  point  P  is 


_        ,    i    2r*xdx 


rba* 


where  r  is  the  distance  of  the  point  P  from 
Fio.  J  ,      ..  , 

the  disk.** 

Similarly  the  illumination  at  P  due  to  the  annular  portion  ss  of 

the  disk  of  brightness  b,  is 

_        ,    /       2r*xdx  8t&,oV 

J.     <''*  +  =^'"(^^+9^>"PT^ 

So  that  the  total  illumination  at  P  is  the  sum  of  these 


where  p^  —  r 


If  the  disks  were  of  uniform  brightness,  that  is,  p„  =  i  .00, 


In  the  actual  case  there  is  an  infinite  number  of  concentric  zones 
which  contribute  to  the  illumination  at  P  and  the  resultant  effect 
at  P  may  be  represented  by  a  summation  of  such  integrals  as  that 
given  above  for  the  annular  zone  ss  due  to  the  first  order  of 
reflection.  The  effect  of  the  nth  order  of  reflection  may  be  written 
after  noting  that  the  position  and  boundary  of  the  nth  image  are 
determined  by  its  radii,  which  are  a(2n  — i)  and  a(2n+i). 
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The  illtmrination  at  P  doe  to  file  «th  refloetioii  is.  then 


J.(— 0 
tie  ilhiminatiott  doe  to  all  «mes  is 

V>.     „  1    2r»nfa      V^ Sir&oVttp,' ^ 


And  the  total  illiuiiination  becomes 


E.-E,+E.-ria"j^+8r'2prf(5^:r,,.^7'"+<>»+')"»ir 

A  .few  tenna  of  tfass  expression  nu^  be  written  out  for  the  soke 
ait 


,  a.1 «£;/ 

"^'^l[f'  +  (2n-l)»a'|[r'+(2n  +  l)'o'l 

This  aeries  is,  in  geiienii,  veiy  rapidfy  converpng.  The  ratio  of 
ths  (»+ i)tfa  to  tile  n<^  term  being 

Pa 1 1  —  -■-     , ^ttjI'  which  approaches  the  value  pn  for 

'^   n    I        H  +  (2n+3)V)  *^*^ 

laige  vahies  of  n,  but  is  always  less  than  pm  if  a  is  large  companxl 

with  r  (say,  a-'sr  or  more).    The  value  of  this  ratio  for  the  first 

and  SBCood  terms  is  pn  if  a^zr.    The  efiect  of  the  iUumination 

due,  to  the  wth  reflection  compared  with  thatof  tibe  disk  alone  is: 

8r*np.»  {a*+r*) 

If  a/r  is  assumed  to  be  5,  and  p.  to  be  100,  then  the  effect  of  the 
first  and  second  images  is  about  5  per  cent  of  that  of  the  di^, 
and  the  effect  of  the  first  10  im^es  is  slightly  less  than  6  per 
cent  of  that  of  the  disk.'  It  is  evident  that  as  the  reflection 
factor  of  the  mirror  approaches  unity  the  disk  as  extended  by  its 
images  becomes  more  like  an  infinite  plane. 
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From  the  equation  for  £t  it  is  also  sem  that  as  r  becomes  very 
small  the  illtmiination  at  P  approaches  that  given  by  an  infinite 
plane  of  uniform  brightness,  Ei  ^  rfc. 

The  foregoing  considerations  show  that  the  theoretically  simple 
conditions  are  not  at  all  attained  in  the  use  of  inflnite  planes  as 
in  the  Nutting  instnmient.  An  imfHtivement  could  be  effected 
1^  making  the  test  surface  only  a  small  portion  of  one  of  the 
planes.  This  would  also  be  the  case  if  one  were  to  consider  the 
instrument  from  the  point  of  view  of  a  finite  indbsure  TUtUer  than 
from  the  viewpoint  of  infinite  planes. 

A  very  good  approach  to  two  infinite  planes  can  be  had  by  two 
ooncentric  spherical  surfaces.  Either  of  the  surfaces  may  be 
made  luminous  with  uniformity  of  brightness.  The  test  surfaces 
may  be  made  a  part  or  the  whole  of  I3ie  nonluminous  sphere. 
A  sphere  uniformly  bri^t  illuminates  all  points  on  any  given 
concentric  spherical  surface  equally,  and  more  neariy  Uke  an 
infinite  plane  as  the  points  ap]»x>ach  the  surface  of  tlie  huninous 
sf^ere.**  Of  course,  the  last  condition  would  be  impossible  to 
realize  in  a  practical  instrument.  Yet  this  interposes  .ne  hin- 
drance to  the  practical  use  of  two  concentric  spherical  surfaces 
as  described.  For  when  the  surfaces  are  separated  any  finite 
distance  the  relative  distribution  of  the  illumination  from  the 
one  on  to  the  other  remains  unaltered.  The  magnitude  only  of 
the  illumination  changes,  becoming  less  than  that  which  is  given 
by  an  infinite  plane  in.  -the  rattp  of  tiac  square  of'  the  radius  -of 
the  sphere  to  the  square  of  the  distance  from  tiie  ^renter  o£  the 
sphere  to  the  concentric  spherical  surface.  (The  latter  statement 
£q)p!ies  when  the  inner  sphere  is  the  limunousone.)  Just  what 
other  difficulties  would  arise  in  the  aetuiU  execution  of  this  arrange- 
uent  can  not  be  ftxetold. 

It  is  of  interest  to  note  that  the  flax  between  two  infinite  paiaDd' 
planes  depends  upon  the  reflection  factors  of  them  in  a  nutnner- 
quite  different  from  that  in  which  the  flux  in  a  sphere  depends 
upon  the  reflection  factor  of  the  sphere  wall. 

5.  THEORY  OF  THE  SPHERE 
For  an  indosure  we  find  the  most  satisfactory  case  to  consider' 
is  that  of  the  hollow  spHere,'  for  although  the  flux  in  any  inclosure  , 
is  everywhere  the  same ''  if  the  walls  of  the  inclosure  are  uniformly 
bright,  it  is  only  in  case  of  the  sphere  where  this  latter  condition 
of  imiformity  of  brightness  is  ea^ly  obtainable. 

■  B.  S.BaIL,«.fi.uS:i9'a  >  B.a  BuIL.I.d.  501;  iftu. 
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-  In  the  sphere,  whose  walls  reflect  aocordmg  to  Lambert's  ism, 
every  dement  oi  surface  illuminates  every  other  elemisnt  to  the 
same  degree,**  no  matter  how  the  wall  of  the  sphere  or  any  portitm 
of  it  is  directly  illuminated.  This  property  of  the  spherical 
inclosure  was  first  discovered  by  Sumpner."  It  was  rediscovered 
by  Ulbricht,**  who  first  demonstrated  its  great  practical  impor- 
tance to  photometry.  So  that,  if  the  surface  of  the  sphere  has  a 
umform  reflection  factor  and  if  a  small  portion  of  it  is  made 
luminous,  the  whole  sphere  will  be  uniformly  bright,  except  for 
this  spot  which  may  be  of  negligible  proportions.  The  brightness 
may  becalculated  as  follows: 

Xet  the  illuminated  ^»t  of  area  A  have  an  avo-^e  brightaess 
of  b.  It  radiates  a-  bA  lumens.  Owing  to  multiple  reflections  this 
fl^  will,  accumulate  to  a  value  F  such  that  the  rate  of  loss  a  F 
equals  the  rate  of  ii^put  r  bA ,  where  a  is  the  absmrpticm  factor, 

aF-ThA 


This  was  first  derived  by  Mascart.*  This  reasoning  may  be  em- 
ployed for  any  inclosure  whose  walls  obey,  Lambert's  cosine  law 
of  emission.'  When  the  walls  are  not  uniformly  bright,  b  refers 
to  the  average  brightness. 

The  illumination  .cm  every  other  element  of  the  surface  of  the 
sphere  will  be 

Hdace  the  bri^itness  of  eveiy  element  of  thesurface  sA  the  i^ihcre 
(except  A)'a-  ■ 


The  ratio  uf'dtc.  sna  4if  the  huainous  epot  to  the  azea  of  the 
sphere  is         . 

A    ■  '■  ■   ■  ' 

So  that  .    ■     .. 


"  "  Tbc  diSuiloa of  lisht. "  Phil.  U*a-.U,  P.  >i:  'Urn- 

■•BlectroUchiLZi,  tl,p.  J9J,  191101  M.  p.  jii,  190] 

■■  Palu,  TnlU  de  noMnftric  iBdoMilCUc,  tmulMJan  by  th*  Pitlcngni,  p.  •(}. 
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If  BOW  for  a  small  portion  of  the  sphere  surface  tbtm  is  substi- 
tuted another  nonlununous  surface  whose  reflection  factor  is  0t, 
the  bi^htoess  6,  of  the  latter  will  be 


J  _fafr^^P»&t^ 


*5     ^ 
b~p' 

TTie  reflection  factor  of  any  specimen  is  given  in  terms  of  that 
of  the  sphere  wall.  To  make  it  possible  to  obtain  the  reflection 
fBctt»'  of  the  specimen  absolutely,  certain  conditions  must  be 
imposed  upon  the  manner  m  which  the  specimen  is  iUnminated. 
If  an  of  the  ftmc  iHuminating  the  specimen  is  reduced'  by  a  factor 
p,  the  brightness  of  the  specimen  will  also  be  reduced  in  the  same 


Then  5,  becomes  6', -pfti—p, 6,. 
and  ^  "  fa- 

This  result  is  adiieved  by  interposii^  a  screen  between  the  illumi- 
nated spot  and  the  test  surface.  The  screen  is  just  sufficiently 
large  to  enable  it  to  inten:ept  all  of  the  flux  reflected  from  the 
former  in  the  direction  of  the  latter.  The  illuminated  spot  must 
be  small  in  order  that  no  ap^areciable  illuminatbn  due  to  the 
second  and  higher  order  of  reflections  woidd  come  to  the  test 
surface  if  the  screen  were  not  present.  The  new  surface  also  is 
assumed  to  be  so  small  that  its  presence  does  not  alter  the  bi^t- 
ness  of  the  sphere  walls. 

All  of  these  theoretical  conditions  can  be  attained  to  a  satis- 
factoiy  d^ree  in  practice.  This  is  the  idea  undeiiying  several 
uses  of  the  sphere  in  reflectometry  listed  above  and  in  particular 
the  reflectometer  **  depicted  in  Fig.  3. 

«.  DISCUPnON  OV  THS  PRBSBIIT  REFLBCTOHEIBK 

The  reflectometer  sketched  in  Pig.  3  is  essentially  a  sphere, 
having,  firstly,  an  aperture  which  may  be  closed  by  any  surface 
whose  reflecting  factor  is  sought,  secondly,  a  means  for  com- 
paring directly  the  brightness  of  the  test  surface  with  that  of  the 

■*  TUi  RfltctAMta  WM  •bom  bdon  the  mnmiiiatfaw  Sa^atiBiag  Sudor  ■< 
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sfixce  surface,  such  as  a  Uartens  "  photometer,  and  thirdly,  a 
temp  for  illuminating  a  small  portion  of  the  sphere. 

The  most  sat^factory  photometer  for  compfiring  the  ;bri|^tness 
of  two  surfaces  not  fftr  removed  from  each  other  is  the  Martens 


Pio.  3. — ■Impravti  NutXngi^Uetomtt*t 


polarization  photometer.  It  is  very  compact,  accurate,  and  has 
an  extremely  good  photometric  field."  Its  optical  parts  are,  in 
order  of  position  in  the  optical  path.  Fig.  3,  two  apertures,  lens, 
Wollaston  prism,  biprism,  Nicol  prism,  and  eyepiece  containing 
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lens  and  aperture.  A  scale  reading  directly  the  absolute  reflection 
factor  is  attached  to  the  circular  scale  already  a  part  of  the 
Martens  photometer.  The  lamp  is  a  small  Mazda  fladilight  lamp 
operated  at  3.8  volts  by  a  small  3-oelI  flashlight  battery.  It  is 
not  difficult  to  get  sufficient  flux  into  the  sphere  and  at  the  same 
time  illuminate  a  rather  small  spot,  say,  3  cm  in  diameter,  when 
proper  lenses  are  chosen.  For  the  first  instrument  coostructed 
no  lenses  were  used.  For  ease  and  accuracy  of  setting,  however, 
the  resulting  illumination  was  insufficient. 

The  spot  illuminated  by  the  beam  is  screened  from  the  test 
aperture.  This  screen  is  made  no  larger  than  is  oeoeasary.  Its 
dimensions  and  shape  were  determined  graphically.  The  size  and 
shape  and  location  of  it  are  shown  in  Fig.  3. 

The  battery  is  placed  in  an  ordinary  fla^-lamp  tube  whose  end 
is  soldered  to  the  sphere.  Thus  a  very  convenient  handle  is 
afforded  at  the  same  time. 

The  sphere  is  a  copper-covered  steel  float,  procurable  at  plumb- 
CTs'  supply  houses.  Its  diameter  is  6  inches.  The  copper  coat 
was  actually  found  to  be  undesirable  when  the  sphere  is  enameled, 
and  was  removed.  The  screen  between  the  test  aperture  and 
illuminated  spot  was  riveted  in  place  and  enameled  like  the  rest 
of  the  surface.  A  coat  of  white  enamel  facilitates  greatly  the 
attainment  of  a  satisfactory  surface,  where  a  matt-white  surface 
of  high  reflection  factor  is  desired.  The  enameled  surface  is  easy 
to  paint  and  requires  a  much  thinner  coat  of  paint  than  otherwise. 
The  paint  used  was  that  described  by  A.  H.  T^lor  *■  of  this 
Bureau. 

A  few  results  are  recorded  here  to  indicate  the  behavior  .of  an 
instrument  constructed  along  these  lines.  These  results  were 
obtained  with  the  first  instrument,  constructed  rather  hastily  and 
imperfectly.  No  lenses  were  used  with  the  lamp;  no  adequate 
holder  for  tl^e  battJery  was  attached;  and  no  provi^on  was  made 
for  readitfT  taming  the  Martens  pbotometer  through  180°  to 
eliminate  any  asymmetric  errors.  Settings  were  made  in  each 
of  the  four  quadrants. 

Magnesium  carbonate  block  No.  i  (A.  H.  T.) — 0.980; 

Mi^esium  carbonate  block  No.  2  (A.  H.  T.) — 0.972 ;     . 

Magnesium  carbonate  block  No.  i  (E.  K.) — 0.980. 

The  first  two  blocks  of  magnesium  carbonate  were  loaned  by 
Mr.  Taylor,  who  has  determined  the  reflection  factor  of  them  by 

•B.&Siirw».lmt» 
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various  metbods,  arriving  at  0.99  for  No.  i  and  0.982  tor  No.  2. 
There  seems  to  be  a  consistent  difference.  Other  testa  were  made 
on  a  series  of  surfaces  trfaich  had  been  studied  by  Mr.  Taylor  usii^ 
the  point  by  point  metiiod.  Differences  in  the  factor  were  usually 
obtained  (althoo^  not  always),  which  indicated  that  the  above 
reflectometer  was  reading  digiktly  low.  The  value  obtatned  here 
for  the  magneshun  carbonate  agrees  with  those  found  fixst  by 
Mr.  Taylor  **  and  later  by  Mr.  Benfoid  "  and  otiiers." 

The  aampie  needs  to  be  neither  opaque  nor  diffusing.  It  may 
be  a  dear  piece  of  ^ass  or  mirror.  This  condition  follows  on.  the 
assumption  that  the  hole  in  the  si^iexe  over  which  the  specimen  is 
placed  is  so  small  that  its  area  is  ne^igible  in  con^ierison  with 
that  of  the  whde  sphtfe.  In  tiie  one  described  above  the  area 
of  tiie  hole  is  ^xmt  3  cm',  or  less  than  one^-faalf  per  oent  of  that 
of  tiie  sphere.  Inthecaseof  a  mirror,  howerecc,  precautions  miiat 
be  taken  hot  to  have  the  seoond  reflecting  surface  too  .far  removed 
jrom  the  opening.  The  an^  subtended  by  the  image  of  llie  test 
aperture  must  ahraiyS' be  :8ilfficientiy  large  to  ^  the  fidd  of  vicar 
trf  the  pfaoCdmcter. 

7.  OERERAL  COMHBHTS  OH  METHODS  OV  HBASURINO  REFLBCTIOil 
AND  TRAKSUSSIOK  FACTORS,  AUS  OR  ST^JIDARDS 

Many  aspects  of  the  problem  of  measuring  the  diffuse  reflection 
factor  call  for  consideration,  some  of  which  may  or  may  not  turn 
out  to  be  of  any  moment.  For  instance,  ta  case  of  the  reflection 
factor  the  surface  may  be  diffusely  illuminated,  but  in  general  can 
be  observed  from  one  direction  only.  Or  it  may  be  illuminatet^ 
from  one  direction  only,  and  the  diffusely  reflected  flux  measured- 
In  either  case  the  question  of  jdirection  enters,  concerning  which 
nothing  much  can  be  said  until  more  work  is  done;  the  use  of  the 
sphere  is,  however,  a  step  toward  uniformity  and  standardization. 
In  case  of  the  transmission  factor  the  illumination  on  the  spedmra 
may  be  entirely  diffuse  and  the  whole  of  the  transmitted  flux 
measured.  This  can  be  accomplished  by  the  use  of  two  spheres, 
comparing  the  brightness  of  the  walls  of  them,  so  that  the  question 
of  direction  may  be  easily  eliminated  in  case  of  the  transmission 
factor. 


'T,  A.  Btolanl.  "An  abulutt  mctbud  Iw  dctnrnhiliiB  ndGdait)  ol  dlffim  i^Tctlm."  Gen.  Btcc 
Rtr.,tt,p.  Ti:  isaa. 

■C.  RSbaipudW.  F.  Utile,  "MeuDmnc  -  -  _.  _        _ 
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Four  of  the  methods  enumerated  above  for  detemuniag  the 
reflectiDn  factor-<-aamely,  (2),  (3),  (9),  and  (12)— «ffionl  diffusion 
in  both  the  incident  and  the  measand  flux.  Tlie  6rst  and  last 
of  these  place  very  serious  Umitations  upon  the  nattite  and  the 
form  ctf  the  surfttce  to  be  tested.  Hm  other  two  are  ioBensitive 
for  certain  values  of  the  reflection  factor,  their  scositiTity  depend- 
ing upon  this  factor  in  a  rather  oomplicated  manner.  Method  (r) 
virtually  allows  diffnseness  in  both  incident  flux  and  measured 
flux,  but  the  extent  to  •which  this  canditio&  acttatly  prera^  de- 
pends upon  the  relative  importanoe  of  the  secondaiy  flux,  B„  and 
therefore  upon  the  nflection  factor  itself. 

At  all  events,  so  far  as  a  worktag  standard  is  oonctaticd,  the 
procuring  o(  a  magnesium  carbonate  bloc^  at  any  maricert  is  to  be 
icHsconraged  so  far  as  prdiimnary  observations  go.  Magnesium 
carbonate  blocks  purchased  at  different' times  may  have  tcflection 
factors  varying  by  at  leart  several  per  cent.  It  wDuM  be  an  ad- 
mirable thing  for  some  scientific  stipply  bouse  to  fasve  in  stock 
magnesium  blocks  of  guaranteed  texture  and  pmity.  Yet  Hiose 
who  have  the  facilities  of  a  photometric  sphere  need  not  rdy  os 
even  such  standards. 

8.  A  SdCPLER  IHSTRUHENT  FOR  COHMBRCIAL  USE 
The  Nutting  reflectometer  requires  neither  lamp  nor  battery,  a 
great  advantage  in  a  portable  instrument.  This  advantage  could 
possibly  be  obtained  with  other  reflectometers  by  sacrificing  accu- 
racy for  serviceability.  It  might,  for  example,  be  possible  to  ac- 
complish this  by  the  use  of  a  translucent  sphere  or  one  in  part 
transparent.  In  the  reflectometer  shown  in  Fig.  3  a  minxw  mount- 
ed so  as  to  have  sufficient  freedom  of  rotation  was  substituted  for 
the  lamp  to  obviate  the  necessity  of  maintaining  a  light  source. 
Unless,  however,  an  intense  external  l^ht  source  is  available,  the 
brightness  is  too  low.  With  sunshine  it  works  admirably.  For 
practical  uses,  however,  even  simpler  instruments  might  be  used, 
for  example,  the  one  shown  in  Fig.  4.  In  this  an  opal  glass  sphere 
has  a  rather  lai^  opening  covered  with  a  flat  disk.  The  disk  has 
a  circular  aperture  against  which  the  test  surface  is  placed  sur- 
rounded by  an  annular  area  divided  into  sectors,  having  different 
known  reflection  factors.  The  test  surface  and  sectors  are  equally 
0uminated  by  the  sphere  wall,  and  are  viewed  through  an  aper- 
ture, tV.  The  biightness  of  the  test  surface  is  taken  to  be  that 
of  the  sector  whose  brightness  most  nearly  matches  it.     The  use  of 
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a  simple  disk  with  graduated  reflection  factors  was  suggested  mary 
years  ago.  It  is  not  satisfactiuy  where  any  great  amount  of  specu- 
lar reflection  exists.  In  the  present  instrument  such  is  not  the 
caw.  Furthermore,  a  definite  direction  detennined  by  angle  A, 
Pig.  4,  for  observing  is  given.     This  direction  might  be  chosen 


0BSem4TWAf 
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Pk,  4.— A  rimpbr^UcfomHtr for  ccmmerebilitt* 

most  favorahly  for  many  common  materials  met  with  in  practice. 
Several  workers  **  seem  to  find  that  at  some  angle  of  emergence  for 
normal  illuminatiQa  many  surfaces  have  a  reBection  factor  nearly 
equal  to  that  of  a  perfectly  diffusing  surface  of  the  same  diffuse 
reflectian  factor. 
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9.  A  TSlirSlUSSOMBTKR 

The  diffuse  transmission  factor  is  sometinies  more  important 
than  the  reflection  iactor,  as  in  the  case  of  photographic  negatives 
and  in  difFasing  glassware  for  illumination  purposes.  It  is  there- 
fore desirable  to  have  at  hand  a  means  of  readily  measuring  this 
quantity  with  a  fair  degree  of  accuracy.  While  there  are  several 
ways  in  which  the  properties  of  the  Ulbricht  sphere  may  be 
utilized  for  this  purpose,  let  it  suffice  to  point  out  in  detail  here 
only  one  such  way,  which  is  merely  an  extension  of  that  involved 
in  the  reflectometer  described  above.  Another  5^Tnitftr  sphere 
with  an  aperture  equal  to  that  in  the  reflectometer  sphere,  as  is 


Fig.  5. — TranFmuiomtUr 


shown  in  F^;.  5,  is  added.  The  second  sphere  is  iltuminated  by  the 
same  lamp  or  by  one  similar  to  and  la  series  with  the  one  illumi- 
nating the  first  sphet«.  For  a  stationary  piece  of  apparatus  where 
no  restrictions  are  placed  on.  size,  tiie  aame  lamp  could  illuminate 
both  spheres.  The  flux  into  the  second  sphere  is  controlled  by 
means  of  a  diaphr^m  with  a  variable  aperture  such  as  an  iris, 
slit,  or  wedge.  (See  Pig.  6.)  No  exacting  specifications  are 
necessary.  The  aperture  of  the  seccmd  sphere  is  screened  from  the 
direct  flux,  as  in  the  reflectometer  sphere.  In  this  case,  as  in  the 
reflectometer,  we  assume  that  the  area  of  the  aperture  is  so  small 
that  it  will  not  affect  the  brightness  of  the  sphere  walls.  This  can 
probably  alirays  be  sufficiently  well  attained.  It  is  also  assumed 
that  the  illuminated  area  is  small. 
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The  use  of  this  apparatus  as  a  transmissometer  is  as  follows: 
The  transmission  samjAe  is  placed  over  the  aperture  of  the  reflec- 
tometer  as  usual,  and  its  reflection  factor  p  measured.  The 
auxiliaTy  sphere  is  then  tmii^t  up  so  that  the  reverse  side  of  the 
specimen  covers  its  aperture.  The  brightness  b.  of  the  sample 
now  is  due  to  two  factors,  (i)  the  flux  rttOected  from  its  front 
serface  (which  is  illuminated  by  the  walls  oi  the  first  sphere) ,  and 
{i)  the  flux  transmitted  by  the  specimen  in  consequence  of  the 
iUumination  by  the  walls  of  the  second  sphere.  Let  the  walls  of 
these  spheres  have  a  brightness  of  b  and  &„  respectively,  and  let 
the  transmissian  factor  of  the  sample  be  r.     Then  b,— p&+r6,. 


Fmj.  6.- 


fJbswinf  PoriHen  t^  Ugkl  * 


,  Uii  tampU,  pkotonnitr. 


The  quantity  \  may  be  measured  in  terms  of  b  once  for  all.  and 
may  have  any  value,  but  for  the  sake  of  simplicity,  we  shall 
make  6,— 6. 
Then&i-iO>+r). 

■     -j-p+r. 

In  this  equation  p  has  been  determined;  6.  is  measured  in  terms 
of  the  br^tness  of  the  walls  of  the  reflectometer  sphere;  r  is  the 

factor  desired;  and  -r  is  measured  and  read  off  directly  by  means 

of  the  reflectometer.  We  see,  therefore,  that  it  is  just  as  simple 
so  far  as  manipulation  is  concerned  to  obtain  the  value  of  the 
combined  reflection  and  transmission  factors  as  it  is  to  obtain  the 
reflection  factor  alone.  The  difference  of  these  two  quantities 
gives  the  transmission  factor.     In  this  way  one  piece  of  laboratory 
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apparatus  aiables  us  to  obtain  both  the  reflection  factor  and  the 
transmission  factor  in  an  absolute  manner,  involving  no  caiibrsticai 
of  a  standard  of  transmission  or  reflection,  no  li^t  standards,  no 
measurement  of  distances,  no  manipulaticai  of  the  specitnen,  and 
no  electrical  measuring  instruments.  One  placing  of  the  sample 
against  the  reflectoroeter  is  all. 

Although  the  anangement  described  appears  to  have  certaJn 
advantages  for  laboratory  ptirposes  where  duf^leation  of  costly 
pbotometric  or  spectrof^otometric  apparatus  is  not  desired,  en* 
where  it  is  desirable  that  such  apparatus  when  once  set  up  diall 
not  be  disturbed,  it  may  be  of  interest  to  describe  a  few  other 
arrangements  that  may  be  had.  A  simple  method  would  be  to 
insert  the  sample  between  the  end  of  the  photometer  and  sphere 
in  such  a  way  that  one  of  the  apertures  only  of  the  photometer  is 
covered  by  it.     The  other  aperture  is  illuminated  by  the  sphere 


Fm.  j 

wall,  which  in  turn  is  illuminated  by  projecting  a  narrow  beam 
into  the  si^ere.  Precautions  must  be  tsJcen  to  screen  the  test 
sam^de  properiy,  as  has  been  noted  in  the  description  of  the 
reflectometer.  Narrow  limits  are  set  to  the  si2e  and  shape  of  the 
sample  that  is  to  be  tested. 

A  modification  of  this  is  shown  in  Fig.  7,  vhere  the  photometer 
is  removed  from  the  sphere  to  a  distance  that  allows  greater 
freedom  in  the  size  and  shape  of  the  sample.  In  this  case  a  com- 
parison is  made  of  the  brightness  b  of  the  sphere  wall  with  the 
brightness  rfc  of  the  sample.  The  Martens  polarization  pho- 
tometer measures  t  directly. 

In  all  these  arrangements  nothing  novel  can  be  claimed  except 
in  the  use  of  the  sphere  rather  than  of  an  irregular  inclosure  or  of 
superficial  standards.  The  sphere  affords  two  important  essen- 
tials: (i)  The  kind  of  diffuse  illumination  desired  in  such  measure- 
ments,  and  (2)  the  conditions  for  absolute  determination.  Neither 
of  these  can  be  so  closely  approximated  by  any  other  means. 
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The  combination  of  the  sphere  with  the  Martens  photometer 
has  been  suggested  and  used  by  Goldberg "  in  measuring  the 
density  of  photographic  plates.  His  suggestions  di£Fer  from  those 
given  in  this  article  regarding  the  general  use  of  the  sphere  in 
measuring  the  transmission  and  reflection  factors  of  substances  in 
that  in  accordance  with  the  latter  the  sjAere  is  to  be  used  not 
only  to  secure  good  diffuseness  of  the  light  but  to  obtain  these 
factors  in  an  absolute  manner. 

1&  0SB  OF  UEVLBCTOMSnCR  AHD  TRAHSmSSOHBTBR  WTm  HOHO. 
CHROMATIC  UOHT 

Althou^  the  instruments  discussed  above  were  primarily 
intended  for  mixed  Uj^t,  obviously  they  may  also  be  used  in 
determining  the  diffuse  reflection  and  transmission  factors  of  sub- 
stances for  spectral  light.  For  this  purpose  the  Koen^-Martens 
qjectrophotometer  is  admirably  adapted.  In  this  connection, 
too,  the  tise  of  the  sphere,  in  ways  described  above,  wotild  main  for 
definiteness  and  standardization,  and  afford  absolute  methods. 

Most  of  this  work  was  carried  out  with  the  cooperation  of  the 
searchlight  investigation  section  of  the  Engineers,  U.  S.  Army, 
who  also  made  the  executing  of  it  possible  by  providing  for  it. 
Acknowledgment  is  also  made  to  U.  M.  Smith  for  the  illustrations 
of  the  text. 

WashinoTON,  January  31,  1921. 
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PREPARATION  OF  GALACTOSE 

ByE.  P.  CWk 


Owfaif  to  the  Ui|e  demmd  made  by  bteieikilogMa  tot  tpedAaKtioui  uid  data  on 
sahetoae  and  Ita  derivatives,  a  oonTealent  method  ia  deacribed  for  pucparhif  galactoie 
fKMB  hctnae  n  that  this  woric  may  be  nndertaken. 

One  kg  of  lactoaeiihydtDlyied  by  bcMUngtmibounirithi.j  litets  of  water  and  so 
I  ol  salpliiiric  add.  The  Krintioa  la  nentiaUsed  with  barium  caibcaate,  filteied  md 
ooBcentiated.  The  galactoae  Is  oystalliwd  ftom  the  fc«iltl»K  lynip  by  die  addltioa 
ofamixtneofipanafcdiylMidtpMtiafmethylahioha].  The  ykM of  crude  sugar 
is  about  27  per  cent. 

During  the  past  few  years  there  has  arisen  a  deinand  for  accurate 
data  on  the  phjrsical  properties  of  the  less  common  sugars.  Coin- 
cident with  this  demand  is  also  the  constantly  increasing  use  of 
these  materials  and  the  necessity  for  more  economical  methods  of 
preparation.  As  the  result  of  these  conditions,  this  Bureau  has 
had  numerous  requests  for  information  on  the  cconomica]  int>- 
duction  of  galactose,  as  well  as  for  an  accurate  value  of  its  specific 
rotation.  In  inder  to  bring  this  about,  as  well  as  to  supply  the 
demand  for  a  standard  sample  of  this  material,  an  investigation 
of  the  subject  was  undertaken. 

A  number  of  methods  for  preparing  galactose '  have  been 
reported,  but  partly  because  the  details  of  procedtut!  are  not 
given  with  suffideat  exactness,  and  partly  because,  in  many  cases, 
unnecessarily  drastic  measures  have  been  recommended  which 
add  to  the  cost  and  reduce  the  yield,  these  methods  are  not  satis- 
factory. Recently,  an  tmpublished  method,  originated  in  the 
Bureau  of  Chemistry,  has  been  used  quite  successfully  by  many 
workers.  However,  it  is  not  generally  known.  The  method 
which  we  have  worked  out  in  order  to  meet  the  demands  made 
upon  the  Bureau  of  Standards  has  the  advantages  over  the  above- 
mentioned  methods  of  giving  more  imiform  results  and  higher  yield 
at  a  lower  cost,  and  is  reported  here  that  it  may  be  useful  to 
those  requiring  a  supply  of  this  sugar. 
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One  thousand  five  hundred  g  of  lactose  are  dissolved  in  3750  cc 
of  hot  water  containing  75  g  of  concentrated  sulphuric  acid.  The 
solution  is  brought  to  a  boil  and  then  simmered  for  two  hours. 
A  thin  paste  of  barium  carbonate  is  then  added  to  the  hot  solution 
until  it  reacts-sfeutra}  to  '«ob^o'  'pap&r.  ^rtie  ^edj^itkte  of  barium 
sulphate  is  allowed  to  settle  ovi^might,  after  which  as  much  as 
possible  of  the  supernatant  liquid  is  drawn  off.  This  liquid  is 
filtered  through  a  thin  layer  of  active  carbon  placed  on  a  moistened 
filter  paper  in  a  Buchner  fuiSMli  When  all  has  passed  through, 
the  precipitate  is  placed  on  th^  filter,  draiaed  a^  d^r  afi,  piisgi^, 
and  fivaUy  washed  by  drawing  a  little  mater  thnui^  it.  Th» 
filter,  prepared  with  a  small  amonnt  of  cttrbon,  as  otttfincd,  elati- 
tlfiS  the  solution  and  at  the  same  tim^  prevents  the  sulphate  fnim 
passinc  thiougb  and  givfs  a  irebitiv«)y  r^d  filtxatio*. 

The  'filtrX'te  is  concentrated  imder  (finuiifihed  pr«9Biii«  iartS 
it  has  a  weight  of  1650  g.  If  a..K£ractometer  is  available,  the 
concentrated  syrup  should  show  a  refractive  index  n^  between 
1.5120  and  1.5125.  The  -ttty  thJcfc  syrup  is  warmed' to -beiw«*en 
60  and  70°  and  250  cc  dt  ethyl  alcohol  are  dissolved  Irf  it  by  Vigor- 
dils  ^afclllg.  The  solution  is  th^n  pouttd  into  a  beakei"  or  jat*  and 
tfie  Temaiiiiiig  sytup.is  washed  from'  the  flaSfc  with  560  cc  o^ 
methyl  alcohbl.  This  is  best  'ddne  by  adding  the  methyl  alcoiio! 
to  l^e  flask  portjod  wise  and  warming  and  shalung  hi  a  water  bath.' 
The  whole  solution  is  thoroughly  mixed  and  seeded  with'  some 
pure  gal&ctdSe  crystals  and  allowed  to  crystallize. 

The  crystallization  is  generally  complete  in'  about  four  day$, 
after  which  the  crystals  are  filtered  off,  washed  wiUi'a  little 
methyl  alcohol,  then  with  85  per  cent  eihyl  alcohol,  and  'finally 
with  95  per  ceiit  alcohol.  They  are  then  dried;  'fhe  yield  of  the 
crude  sugar  is  about  27  per  cent  of  the  lactose  taken.  ' 

In  order  to  purify  the  crude  galactose,  it  is  dissolved  ffi  Watei-, 
making  about  a  25  per  cent  solution.  To  this  is  added  a  few  cfc 
of  glacial  acetic  acid.  It  is  then  concentrated  under  dimiAished 
I*ressure  to  about  75  per  cent  total  solids,  warmed  to  66  at  70", 
transferred  to  a  beaker,  and  95  per  cent  alcohol  added  to  satura- 
tion. Almost  immediately  the  contents  of  the  flask  become 
solid.  After  standing  overnight,  the  crystals  are  filtered  from  the 
mother  liquor,  washed,  and  dried.  The  yidd  is  generally  82  to  83 
per  cent  of  the  crude  sugar  tal^n. 
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A  thoroughly  dried  sample  of  this  recrystallized  product  had 
the  foUowmg  properties: 

Ash  0.034  per  cent. 

[a:]J  =8o°.4  {10.617  S  P^r  100.00  cc). 

The  values  are  only  given,  however,  to  identify  the  product. 
Work  upon  the  thorou^  purification  and  the  accurate  determi- 
nation of  its  specific  rotation  is  in  progress. 

Washington,  Aprils,  1921. 
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THE  SPECTRAL  DISTRIBUTION  OF  ENERGY 
REQUIRED  TO  EVOKE  THE  CaUY  SENSATION' 

BrbwbaPnat* 


AMSACt 

TWdririalpiWpMtcf  rftM«p^«HMlnaiedcTclopment«iidtt»diigofMit»perl- 
bcdUI  atctbod  far  detenddiiif  mi  objectftc  pIiTrical  unidvd  of  "wUte  li^t." 
The  Mndan!  to  be  detefintawd  It  the  FUncUn  ("black-bodr  ")  diMribntloB  at 
caetgy  required  to  cvcAe  the  hnelcM  KiiMticKi  of  btiUbnce ,  Gommonty  colled  "  white ' ' 
V  "gn^,"  under  rtTt»*ti  ttandftfd  conditlau  stated  In  detail  In  dte  peper. 

Tbe  Bctbod  of  pcodndflg  and  adjiiitittf  die  ipectnl  dietribatioB  ef  the  etiinnlit*  it 
this:  Ij^it  woni  A  Ismp  of  XuufHii  spectnl  dlstiiliuuuu  Is  ntwnin  by  fotstofy  di^ 
pcfsion  In  a  ijitem  of  qiurts  pistes  end  nlog]  pdans  in  Kch  a  wajr  tlist  b:^  ">tstiiif 
one  of  the  niools  tlie  li^t  emctginf  frooi  it  cm  be  made  to  aMiune  the  ^ectnl  dlt- 
tilbvtlan  Of  a  Pisnclrim  radiator  at  any  deabcd  temperetnre  bUwuj  4000  «aid 
Such  a  system  is,  in  effect,  a  selective  li^  fiUei  of  adjnitable  spectral 


Two  mcOiads  of  observatkm  are  described; 

(t)  Hk  method  d  adjsstment  by  trial,  in  wUch  the  observer  himself  sdjoats  the 
ftimtiltis  imtil  he  oails  >ti^  sfnMtVm  "white," 

(a)  The  method  erf  answers,  bi  i^ch  the  operator  conducting  the  experiment 
adjusts  the  stfanulus  to  cotrespond  to  certain  fixed  temperatures  ot  the  bypodietical 
Flmdian  ladistor  «aid  ncosds  the  observer's  reactions  as  "blue,"  "white,"  or 
"yellow,"  as  the  case  may  be.    The  letter  method  proved  to  be  the  mote  satirfaotoy. 

Experimental  results  are  given  from  four  observers.  The  averse  results  of  these 
observers  Indicate  tiiat "  white  1i^"  may  be  represented:  (r)  Theoretically,  by  tlie 
HgU  bom  a  Ftauhian  radiator  at  a  temperature  of  about  5900°  absolute;  (>)  prac- 
ticaUy,  to  a  (air  qqaoodmation,  by  average  noon  sunli^  at  Wosbiagtan.  It  is, 
^*?Bf  ^f  r^  emphssieed  tliat  f^**  final  ^ftablif**T**— *  of  such  a  standard  should  be  baaed 
on  a  more  extensive  rtatistical  Investlgatiaa. 

An  appendix  to  the  paper  sets  forth  flie  deilrabillty  of  an  cxtcndve  statistical 
dctermfaatinn  and  eorrelatian  of  tiic  chatactcristica  <rf  viaJon. 

■  tlw  aSiMMii  <i  Ok  paiHr  m*  fiiM  vmmtad  at  *  icint  ncMbis  d  the  AmaUta  Pkrilol  SocfcUr 
nd  titt  Otitiod  Sodctr  d  AaMfio  la  Oilasi^  Otc  *t,tvB. 

•ncBBtbirKftaowIediathecaogamtkBiit  Pnl.  C,  A-SkioHr,  Dr.  U.  KUIvifae  FrebafB.  i^  Hi. 

at  u  Ottt  d  Dt.  E.  v.  Wifc 
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L  iUTTROpUCTION!  ^ 
1.  OBNERAL  CpiTSlDERATIOHS    ,  ' 

The  PUttiddaii  spectral  distribution  of  energy  serving  to  Specify 
the  nonnal  stiitiulus  for  the  hiieless  visual  sensation  commonly 
known  as  "white"  or  "gray"  should  naturally  tak^  rank  ammg 
the- most  aignifioant  caniinal  data  of  the  pure  science  vi  fritysio- 
logic  optics.  Moreover,  a  quantitative  knowledge  of  the  nonnal 
stimulus  of  gray  is  obviously  of  lund^ment^  importance  to  the 
practical  tedmologic  problems  of  rational  color  specification;  it 
muat  be;  in  fact,  the  basis  of  tiie  solution  of  the' problem  of  de- 
fining "white  "light.  Nevertheless,  it  does  not  appear  that  any 
senous  attempt  has  been  .made  heretofose  to  detefmine '  tlus 
stimtdus  experimentally.  >  >      . 

The  concept  of  a  "black-body"  energy  distribution  a?  a  defini- 
tion for  the  stimtUuB  of  "  white  "  was  de&utft|y  jfovposcd  by  H.  E- 
Ives  in  1910.  He  fdso  showed  that  tiie  energy  distribution  of 
"average  daylight"  could  be  represented  by  a  ".black  body"  at 
about  5000°  K,  and  inferred,  without  any  rigorous  demonstration 
or  attem.pt  at  experimental  proof,  that  this  definitiou  of  "  avere^ 
daylight"  might  be  considered  interchangeable  with  the  definition 
of  "white  light."* 

>H.  B.In>.lnil*.I.  B.S..t,pp.  i«SiiuiMi;iBio. 
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llie  desirability  of  making  such  an  experimental  determination 
was  pointed  out  several  years  i^  by  Troland.  He  stated  the  case 
very  clearly,  as  follows:* 

There  hoa  been  oonaiderafale  ducnnion,  in  cotmection  with  colorimetric  praceduK, 
ocacemisg  the  d^nitioii  of  "white  light."  It  seems  to  me  obvious  that  "white 
lighf'or  "white"  ndiation  can  be  defined  logically  only  with  reference  to  the  proper- 
ties or  resetiotu  of  the  norinal  human  vinml  appataAii.    White  ndiataon  is  ladiation 

whlf  ti  pmri-nuM  ft—  mi^watinn  nf  Triiitj,  nr  thu  arhmniatii-  vittiQl  qnaliiy,  whetheritbe 

iriiite  or  some  shade  of  gray.  The  existence  of  complementary  pairs  of  colors  makes 
it  evidcot  that  there  miist  be  an  infinite  number  of  difFerent  combinations  of  wave 
lengtlu  which  will  produce  this  sensation,  and  Kauequcntly  it  becomes  dcsiittble  to 
add  the  further  critcHoti  that  "white"  radiation  must  have  the  distribution  charac- 
teristic of  a  black  body.  The  tendency  to  identify  white  light  in  this  sense  with  solar 
radiation,  or  with  black  body  radiation  coire^wnding  as  nearly  as  possible  with  solar 
radiation,  la  baaed  upon  the  hypothesis  that  sunlight  actually  produces  the  sensttioa 
ot  white.  If  Bemig's  assertion,  already  referred  to,  is  correct,  this  hypothesis  can  not 
be  retained.     [Hering  claims  daylight  is  yellowish.] 

About  this  same  time  the  present  author  was  making  a  few  pre- 
liminary determinations.*  Subsequent  experience  has  shown  that 
the  tentative  results  of  these  first  experiments  have  no  quantita- 
tive value.  They  are  without  significance  because  of  the  following 
drctunstances: 

(i)  The  stimuli  did  not  actually  conftHin  sufficiently  closely  to 
the  Planckian  formula. 

(2)  The  field  viewed  was  not  large  enough  to  permit  of  good 
color  discnmination. 

(3)  Sufficient  care  was  not  taken  as  to  standard  conditions  of 
observation,  particularly  in  avoiding  the  effect  of  previous  fatigue.* 

(4)  The  method  of  observation  (adjustment  by  trial)  was  not 
good.'' 

The  elementary  concepts  upon  which  the  present  investigation 
is  based  are  these : 

(i)  The  energy  radiated  by  a  so-called  complete  or  ideal  radiator 
("black  body")  may  be  expressed  as  a  function  of  temperature 
and  wave  lengUi  by  the  Planckian  ■  formula: 


V 


<^ 


where  X^wave  length; 

T^absolute  temperature  of  source; 

e=base  of  natural  logarithms; 

c,  and  c,  are  constants; 
E=energy  per  unit  wave  length. 

■  Tnlmd.  Tmu.  I.  E.  S.,  II,  p.  vS;  igiR. 

*  Priert,  T™ni.  1.  E.  S.,  II,  pp.  'js~ni  'i'»- 
■CmpanScc  ni.  i,  below. 
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(7)  However,  as  will  be  shown  below,  it  is  possible  by  suitable 
artifices  to  obtain  radiant  energy  having  the  same  spectral 
distribution  (in  the  visible  spectrum)  as  would  be  given  by  a 
hypothetical  Planckian  radiator  at  any  temperature  between 
about  4000  and  7000°  K,  and  the  transition  temperature  in 
question  has  been  found  to  fall  within  this  range. 

2.  PURPOSE  JUTO  SCOPE  OT  THIS  mVBSTIGATION 

The  purpose  of  the  jwescnt  investigation  has  been  to  determine, 
in  a  preliminary  way,  for  a  few  individuals,  the  Planckian  spectral 
energy  distribution  which  evokes  the  gray  sensation  under  the 
foUowing  conditions; 

(i)  The  uniformly  illuminated  circular  field  viewed  by  the 
observer  subtends  about  3.5"  at  his  eye. 

(2)  This  field  is  surrounded  by  a  completely  dark  field  (except 
for  the  small  amotmt  of  diffuse  light  in  the  apparatus  in  some  of 
the  observations).    There  ia  no  comparison  &eld. 

(3)  The  absolute  intensity  is  chosen  to  give  a  medium  com- 
fortable brilliance,  such  as  to  give  no  conspicaous  afterimages  in 
the  dark;  and  it  was  determined  that  considerable  positive  and 
negative  departures  from  this  intensity  had  no  effect  on  the  results. 
In  the  second  method  of  observation"  the  brilliance  was  main- 
tained approximately  constant  for  all  spectral  distributions. 

(4)  The  observations  are  conducted  in  a  dark  room  and  the 
observer's  eyes  are  further  protected  by  an  eye  shade  following 
the  contour  of  the  face.  The  observer  is  kept  in  the  daric  about 
10  to  15  minutes  before  observations  begin  in  order  to  eliminate 
the  effect  of  previous  fatigue." 

(5)  The  observer  selects  by  one  method  or  another"  the  spectral 
distribution  which  for  him  evokes  the  gray  or  hueless  sensation. 
He  is  asked  to  distinguish  between  "cold  bluish  white,"  "white," 
and  "warm  yellowish  white." 

It  will  be  observed  that,  while  these  conditions  are  to  a  certain 
extent  arbitrary,  they  are  probably  the  most  rational  ones  to 
impose  in  a  preliminary  investigation  of  limited  extent,  and  they 
at  any  rate  approximate  closely  the  conditions  of  observation  in 
cotorimetry  with  instrumenis  of  usual  design  and  methods  of  use. 
The  size  of  field  should  be  at  least  that  used  here,  for  color  dis- 
crimination is  very  difficult  and  uncertain  with  small  fields. 
That  a.  comparison  field  can  not  be  used  is  obvious  from  the  nature 

u  Sm  S(C.  II,  J.  B,  befcnr. 

"  8«  Sec  lU.  I,  bdn. 

»  Sn  Sw.  n,  g,  A  BKl  B,  bdow  lor  two  nHtbodi  uMd. 
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of  the  question  to  be  answeicd.  That  fatigue  must  be  guarded 
e^ainst  is  a  reasonable  precautkat,  the  necessity  of  which  will 
also  be  shown  in  the  experimental  part  of  this  paper.** 

Under  these  conditions  we  have  determined  the  Planckian 
enei^  distribution  which  evokes  the  gray  sensation  for  four 
(different  observers  and  have  expressed  the  6ndings  in  terms  of 
the  absolute  temperature  of  the  Flanckian  hypothetical  complete 
radiator.  Sufficient  observations  have  been  made  to  determine 
^ese  temperatures  with  considerable  accuracy  for  these  particular 
observers. 

It  has  been  shown  that  the  transition  from  yellow  to  blue  under 
these  conditions  is  a  real  and  obvious  phenomenon,  and  that 
positive,  unambiguous  results  may  be  obtained  in  determining 
the  temperature  of  the  source  corresponding  to  this  transition. 

The  purposes  of  this  paper  are: 

(i)  To  describe  the  experimental  method  followed  and  show 
its  utility  for  such  investigati^; 

(2)  To  present  the  limited  data  already  found  for  four  indi- 
viduals. 

In  regard  to  these  observers,  the  following  information  may  be 
given: 

Visibility. — The  visibility  of  radiant  enei^  has  been  deter- 
mined for  two  of  the  observers  (H.  J.  M.  and  T.  G.  P.)  by  Coblentz 
and  Emerson  and  19  on  record,".  H.  J.  M.  was  classed  by  Coblentz 
and  Emerson  as  "normal,"  I.  G.  P.,  as  "subnormal  red:"  The 
latter's  departure  from  nonnal  is  comparatively  small.'* 

Color  perception. — The  color  perception  of  all  the  observers 
is  approximately  normal  as  judged  by  Holmgren's  test  and  their 
ability  to  arrange  colored  samples  in  spectral  order.  As  judged  by 
Nagel's  cards  there  is  reason  to  suspect  that  two  of  the  observers 
should  be  classed  as  "anomalous  trichromats"  (C.  A.  S.  and 
H.  J.  M.),  but  "this  evidence  is  not  conclusive.  They  exhibit  a 
stigkt  tendency  to  confuse  green  and  gray  in  this  test.  All  can 
read  String's  charts. 

^•CoopucScc.m.i. 

"  B.  B.  Scl.  Piiien,  No.  joj,  tf-  it«-i»j;  ran-  ' 

"CLj.  Op-SocAo.,  4,  tk4Ti.  FiC-S;  ■»»• 
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Q.  EZPBRIHSNTAI.  MBTHOOS 
1.  APPARATUS 
The  essential  parts  of  the  apparatus  used  in  this  investigation 
to  control  spectral  distribution  are  shown  in  Fip.  4.  The  actual 
apparatus  used  was  part  of  the  Arons  chromoscope  **  with  an 
auxiliary  quartz  plate  and  nicol,  as  shown  in  Fig.  5,  the  auxiliaty 
parts  bong  placed  between  nicol  P"  and  the  source.  The  auxiliary 
nicol  and  the  nicol  F",  with  the  awdliary  0.500  mm  plate  between 
them,  play,  respectively,  the  parts  of  mcols  i  and  2  in  Fig.  4.  Like- 
wise, oicols  P  and  A  with  a  0.500  mm  quartz  plate  between  them 
play  the  parts  of  nicols  2  and  3.  The  angle  ^^  (nicol  P"  and 
auxiliary  nicol)*"  is  set  permanently  at  170'*.  The  angle  0, 
(nicols  P  and  A)  is  variable. 

Qy«r1-<        Quartz 

I  O^  Nieol       I     Nicol       t      Nicol 


FlO.  4. — Et»»ntial  parU  ofapporalut  ufi  to  adjutt  llu  tfitdral  ditlrilmtion  of  tit  ttimuht 


In  the  use  of  the  instrument  for  our  present  purpose,  the  I^m~ 
mer-Brodhun  cube  (LB)  and' the  quartz  jdates  Qi  to  Qtv  (Fig. 
5)  are  removed. 

2.  METHOD  07  ADJUSTIHO  THE  STDIULDS" 


The  essence  of  the  method  of  producing  and  adjusting  the 
spectral  distribution  of  the  stimulus  is  this: 

The  special  disiribiUion  of  a  source  is  modified  by  rotatory  dis- 
Persian  by  aUowing  the  energy  to  pass  through  the  system  of  nicols 
and  quartz  plates  shown  in  Fig.  4,  which  system  is  equivalent  to  a 
blue  filter  of  adjustable  special  transmission,  the  adjustment 
being  made  by  rotation  of  ihe  nicol  3,  as  will  be  further  explained 
below. 

Uluntiiiation  is  obtained  from  two  300-watt,  gas-filled  tungsten 
lamps  in  a  magnesia-lined  box  disposed  as  shown  in  Fig.  4.  These 
lamps  are  operated  at  a  constant  current  previously  determined 
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such  that  the  light  finally  emerging  from  ihe  ocular  of  the  ckromo- 
scope  with  all  quartz  plates  removed  is  color  matched  mth  the 
light  from  the  standard  lamp,  B.  S.  1717  at  118  volts,  known  to 
have  the  spectral  distribution  of  a  comjrfete  radiator  at  2830°  K 
(Fig.  6),"  This  initial  calibration  by  color  match  was  accom- 
plished by  means  of  the  Lummer-Brodhun  cube  in  the  chromo- 
scope  (LB,  Fig.  5),  the  light  from  the  standard  lamp  being  re- 
flected into  the  outer  part  of  the  Lummer-Brodhun  field  by  means 
of  a  suitably  positioned  magnesium  carbcmate  block. 


lUU 

1* 

-n 

IBO 

-^ 

^ 

-' 

gMq 

' 

s 

■ 

S'^ 

/ 

. 

t 

S"" 

J 

■ 

■ 

- 

AO 

^ 

■ 

^ 

■ 

M 

W 

V 

M 

ft. 

L. 

E 

461 

n 

li 

PiQ,  6. — Comparison  of  sptetral  disiributionx  of  tntrffyfor  tk§  Plandtian  radiator  (hypO' 
tluHcal)  and  Hit  standard  lamp  utid  in  Otit  imiettig^tion 

SoUd  mm:  PlamUan  ndlatoi  at  sSjd*  E.    Vtbt  nliil  black  dot*  iteiw  tht  pofau  Ktiullr  aaninud.) 
Opts  dicta;  B.5.  lamp  ijirnt  iiS.ovoliiudetctiiusBl  ndiomcttkaUy  by  W^  W.  Coblaiti.  Bimwid 


Nicol  F'  is  set  permanently  relative  to  nicol  P,  so  as  to  give  a 
suitable  brightness  rai^.  Rotation  of  nicol  P",  together  with 
the  auxiUary  quartz  ptate  and  auxiliary  nicol  as  a  unit,  serves 
to  keep  the  brilliance  approximately  constant  fof  'all  values  of 
^,  in  the  second  method  described  below." 

The  theory  of  the  adjustment  of  spectral  distribution  is  as 
follows: 

^,  wangle  through  which  nicol  i  (Fig.  4)  is  rot&t«d  relative  to 
nicol  2  in  a  direction  contrary  to  the  natural  rotation  of  the 
quartz  plate  between  i  and  2  and  measured  from  the  extinction 
position  with  the  quartz  removed.  ' , 

n  Fran  ndlanetric  dctenniiuckiiu  by  W.  W.  Coblenti.  BnmD  of  Stuiduds. 
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0,^angle  through  which  nicol  3  (Pig.  4)  is  rotated,  relative  to 
nicol  3  in  the  same  direction  as  the  natural  rotation  of  the  quartz 
plate  between  2  and  3,  and  measured  from  the  extinctioii  position 
with  the  quartz  removed. 

These  three  nicols  and  two  quartz  plates  constitute,  in  effect, 
a  selective  light  filter,  the  spectral  transmission  of  which  may  be 
continuously  adjusted  by  changing  *,  or  ^,.  The  relative  trans- 
mission is  given  by; 

sin'  C*,~o.5aO  sin'  (0,-0.50: J 

where  o:,,^=rotation  of  the  plane  of  polarization  by  i  .000  mm  of 
quartz  for  Hght  of  wave  length  X. 

If  the  current  in  the  lamps  (Figs.  4  and  5)  is  adjusted  so  that 
the  enei^  transmitted  by  the  nicols  (Fig.  5)  with  the  quartz 
removed  has  the  visible  spectral  distribution  of  a  complete  radi- 
ator at  2830°  K,  and  the  plates  are  then  inserted  and  ^^  set  at 
170°,  the  resultant  spectral  energy  distributions  are  determined 
by  0,.  Distributions  corresponding  to  certain  values  of  0,  are 
shown  in  Fig.  7,  in  which  are  also  shown  the  spectral  energy  dis- 
tributions of  a  hypothetical  complete  radiator  at  various  tem- 
peratures as  computed  by  the  Planckian  formula.  It  will  be 
noticed  at  once  that  the  spectral  energy  distributions  obtained 
by  this  artifice  conform  closely  to  those  given  by  the  Planckian 
formula.  That  is,  radiant  energy  having  the  spectral  distribu- 
tion (visible  spectrum)  of  a  complete  radiator  at  any  desired 
temperature  between  about  4000  and  7000°  K  can  be  obtained 
by  givii^  ^  a  suitable  value.  In  Fig.  8  such  values  of  ^  are 
plotted  as  a  function  of  temperature.  Given  any  value  of  0,, 
we  can  obtain  the  corresponding  temperature  by  reference  to 
thisgraidi. 

(B)  BXPsancBirru,  vkbdicatior  or  msthod 
For  the  particular  apparatus  used  the  approximate  validity  of 
the  relation  shown  in  Fig.  8  has  been  checked  experimentally  by 
using  the  apparatus  to  determine  color  temperatures  which  could 
be  checked  fairly  well  by  independent  methods.  More  specific- 
ally stated,  the  checking  procedure  has  been  this:  By  means  of 
the  Lummer-Brodhun  cube,  L  B  (Fig.  5),  light  of  known  color 
temperature  has  been  brought  into  juxtaposition  in  a  photo- 
metric field  with  the  light  yielded  by  this  apparatus  (Figs.  4  and 
5).  0,  has  then  been  set  to  give  a  match  of  color  4}tmUty,  a  bril- 
liance match  being  simultaneously  made  by  other  adjustments. 
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The  color  temperature  correspondiug  to  this  value  of  ^  has  then 
been  read  from  the  graph  in  Fig.  8  and  compared  with  the  in- 
dependently known  color  temperattuc.  Three  separate  cases  of 
such  checking  are  to  be  conddered,  as  follows: 


Tm.  i.^T*mp*ntiif  ^  tnngy  diUnbuHon  ai  a  function  cf  ^  (/or  ^— 170")  -mtk  tht 
arrangtmrnt  ihown  in  Fig.  4 
plotud  Irsm  luipcctl(m  <<  tit-  1- 

(o)  DnwusE  Light  from  Uniform  Overcast  Sky. — 
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(6)  Light  Having  the  Spbctrai.  Distribution  of  a  Coh- 
PLETB  Radiator  at  2830°  K  (B.  S.  Lamp  1717,  at  118.0  volts) 
HooiPiBD  BY  Transmission  through  "Daylitb"  Glass,  B.  S. 
15648  A. — ^The  resultant  spectral  distribution  of  light  ("ttimi- 
nosity  curve")  is  shown  by  the  dotted  curve  in  Fig.  9.  The 
solid  curves  in  the  same  figure  show  the  distributions  of  li^t  for 
a  Plancldan  radiator  at  several  temperatures.  It  will  be  noticed 
that  the  distribution  of  light  transmitted  by  the  glass  departs 
from  the  Plancldan  form  in  the  following  respects: 

The  curve  is  narrower;  that  is,  relative  to  a  complete  radiator, 
the  light  has  an  excess  of  greenish  yellow. 
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TbcFe  is  a  hump  in  the  blue^green. 

From  the  above  it  follows  naturally  that  there  is  no  value  of 
^  for  which  the  lig^t  from  the  apparatus  (Fig.  5)  will  evoke  a 
color  perfectly  matched  with  the  color  evoked  by  the  light  through 
the  blue  glass.  At  the  closest  approach  to  match  the  relative 
colors  will  be:  Planckian  distribution  by  rotatory  dispersion, 
pale  purple;  complete  radiator  at  2830°  K  modified  by  "Daylite" 
glass,  pale  green. 


WAVE   LENCTHmilllmlersna 

FiQ.  ^.—Comparvon  of  tptctral  UtttibuHont  of  Ugkt  in  *xptrimtntal  Ittt  of  ttmp*Mt»r* 


This  conclusion  has  been  verified  by  direct  observation  in  at- 
tempting to  determine  the  color  temperature  by  observation  of 
the  angle  0,. 

However,  we  have  determined  the  value  of  0,  required  to  give 
the  closest  approach  to  color  match ;  that  is,  the  green-purple  con- 
trast mentioned  just  above.     We  then  reason  as  follows: 

We  would  obtain  this  same  value  of  0j  for  a  distribution  repre- 
sented by  the  dashed  curve  in  Rg,  9,  while  the  approximation  to 
color  match  in  this  case  would  be  closer. 

We  would  obtain  this  same  value  of  0,  for  a  Planckian  distribu- 
tion having  the  same  wave  length  of  center  of  gravity  as  the 
dashed  curve,  and  the  color  match  would  be  perfect. 
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In  Une  with  this  ai^ument  the  following  data  are  presented: 

Q>lar  temptfature  fFomobaerved  ^ 6500°  K 

]^  Flatickiui  radiatoi  at  this  temperature  (from  Fig.  3) 557.  ^mft 

li,  dotted  curve,  Fig.  9 556. 6oyi 

X,  dashed  curve,  Fig.  9 557. 6iaii 

Temperature  cofrespoading  to  this  X,  (from  Fig.  3) 6400°  K 

(c)  Light  Having  the  Spectral  Distribution  of  a  Complete 

RADIATOR  AT  2360°  K  (NELA  RESEARCH  LABORATORY  VACUUM 
Tungsten  Standard  Lamp)  Modified  by  Transmission  through 
"Daylite"  Glass,  B.  S.  15648  A. — The  resultant  spectral 
distribution  of  light  is  shown  by  the  dotted  curve  in  Fig.  10. 


W#VC     LCMSTH  rnllllinicrBna 

Flo.  io.^<^ompaTiton  of  ip*ttral  ditlribtitiont  of  light  in  txperimenlal  Usl  (^  lemptralun 

Solid  curvn:  PUnfrkiBii  rwllator  at  ton^fcrviuccs  indicated  ia  dcfna  K.  by  nujabcn  Htuchrd  lo  cutvct. 
Domdoim:  rhMHiimiThiiB  it  ijn  I'r  niiiiimniiir  "riimT"itrir  r  "  -)'i"' 
Duhed  curve:  Smoothed  trva  dotted  curvt  fay  removinB  hoinpt. 

The  some  remarks  and  line  of  argument  presented  under  (b)  just 
above  apply  here  wilh  the  exception  that  in  this  case  the  green- 
purple  contrast  is  less;  that  is,  a  closer  approximation  to  color  match 
can  be  obtained  by  adjustment  of  ^,. 

Similarly,  the  following  data  analogous  to  those  given  under, 
(A)  are  presented  in  this  case: 

Cokir  tempeiatitie  from  obaerved  ^ 4650°  E 

X,  Plancldan  radiator  at  this  temperature  (from  Fig.  3) 563. 35m>> 

\  dotted  curve,  Fig.  10 563. 3Sm^ 

X,  dadied  curve,  Fig.  10 , 568.3  m|i 

Temperature  corresponding  to  this  }^  (from  Fig.  3) 4^5*  ^ 

&1M6°— 21 3  ^--  I 
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While  the  data  given  under  (a),  (&),  and  (c)  just  above  do  not 
afford  a  rigorous  dieck  on  the  temperature  scale,  they  4o  clearly 
indicate  that  no  large  errors  exist.  It  seems  safe  to  assume  that 
temperatures  near  5000°  K  determined  from  0,  by  means  of  Fig.  8 
wiU  certainly  not  be  in  error  by  as  much  as  100°  and  vill  |nx>bably 
be  correct  to  within  50°  en-  perhaps  35°. 

3.  HBTHODS  OV  OBSXKTATION 

(A)  KETHOD  or  ADJUSTUXRT  BT  tXUL 

In  tiiis  method  the  observer  adjusts  the  angle  4>t  (mcol  3,  Fig. 
4;  nicol  A,  Fig.  5)  by  trial  until  he  finds  the  setting  which  gives 
the  sensation  which  he  recognizes  as  gray  or  white  (hueless,  neither 
blue  nor  yellow).  He  first  sets  ^,  to  evoke  distinct  blue  and 
distinct  yellow  in  rapid  alternation  and  attempts  to  set  finally  at 
a  mean  position,  taldng  care  all  the  while  not  to  set  to  extreme 
yellow  ox  blue,  for  such  settings  would  introduce  selective  fatigue 
effects.**  Unfortunately,  this  method  involves  simultaneous 
changes  in  the  brilliance  of  the  sensation,  and  it  was  primarily  on 
this  account  that  the  second  method  was  devised  to  eliminate  this 
circumstance. 

(B)  HSTHOD  or  AlfSWSItS 

In  this  method  the  observer  has  nothing  whatever  to  do  with 
the  adjustment  of  the  apparatus.  He  merely  sits  passive  with 
his  eyes  closed  at  the  ocular  until  signaled  by  the  operator  in  charge 
of  the  experiment,  when  he  opens  his  eyes  and  announces  his 
decision  as  to  whether  he  recognizes  the  sensation  as  "blue," 
"white,"  or  "yellow."  While  the  observer's  eyes  have  been 
closed  the  operator  has  set  0j  to  correspond  to  a  given  temperature 
of  the  hypothetical  source  (calibration  curve.  Fig,  8)  and  has  also 
rotated  the  nicol  P"  (Fig.  5),  together  with  the  auxiliary  plate 
and  nicol,  to  a  posidon  previously  determined  to  make  the  bril- 
liance for  this  value  of  ^,  approximately  the  same  as  given  by 
other  values  of  ^,  with  other  corresponding  rotations  of  P". 
That  is,  for  each  value  of  4>;,  P"  is  rotated  so  as  to  produce  approxi- 
mately the  same  brilliance  for  observations  at  all  temperatures. 
Having  made  these  settings  and  noted  that  the  current  in  the 
lamps  has  its  correct  standard  value,  the  operator  says:  "Loot" 
or  "Ready,  look."  The  observer  opens  his  eyes  and  answers, 
"Blue,"  "White,"  or  "Yellow,"  depending  upon  the  sensation 
evoked,  and  immediately  closes  his  eyes  again.     The  operator 
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records  the  answer  in  a  suitable  form.     The  same  procedtire  is 
then  repeated. 

As  standard  temperatures  for  tests  by  this  method  the  following 
have  been  chosen  after  preliminary  trials  showed  them  to  cover 
the  proper  range:  *• 


FocthiceatMemn-H.  J.  H.,  M.  K.  F.,  andl.  G.  P.j; 


e  observer— C.  A.  £ 


At  one  sitting  20  trials  are  made  at  each  temperature,  interrupted 
by  a  rest  period  of  about  i  o  minutes,  in  the  daric,  when  half  through 
the  complete  set.  The  observer  has  no  knowledge  of  the  order  in 
which  the  temperatures  are  set;"  the  observers  themselves  say 
there  ore  no  circumstances  to  prejudice  their  decisions  (except  in 
tiie  first  sitting  for  I.  G.  P.,  Dec.  13) . 

The  reaction  time  between  the  signal  "  Look ' '  and  the  announce- 
ment of  the  decision  varies  from  about  i  to  4  seconds,  on  the  aver- 
age, as  determined  with  a  stop  wateh  operated  by  an  assistant 
hearing  both  the  signal  and  the  answer.  (This  reaction  time  was 
measured  only  in  some  sittings  but  could  not  have  been  much 
different  in  the  others.)  The  total  time  required  for  completing 
the  observations  in  one  sitting,  including  the  rest  period,  is  about 
45  to  60  minutes.  Besides  a  few  jneliminary  trials  not  reported 
here  eadi  observer  has  made  observations  throughout  5  complete 
sittings,  consisting  each  of  20  trials  at  each  of  6  teniperatures 
(accept  oiie  observer,  C.  A.  S.,  in  first  sitting;  see  record,  F^.  12). 

m.  EXPERIMEirXAL  RESULTS 
I.  EVFBCT  OF  PREVIOUS  8ELBCTITB  FATTGDB 
Preliminary  trials  by  the  first  method  showed  that  the  results 
were  affected  to  a  noticeable  degree  by  the  previous  stimulus  act- 
ing on  the  observer's  eye.  For  example,  the  author  when  record- 
ing his  own  observations  in  a  lighted  room  and,  consequently, 
kxdqng  at  the  record  sheet  between  observaticHis,  found  his  results 


It  pnddoD  with  vUdi  ihe 
M  tbcfluln 
I.  a.  p.)  uuwe 

K(tfoli«mnC.A.S..H.J.V..U>dU.  K.|),.t 
I ,  G.  P.  MTm]  atSra  to 
m  of  the  order  d  Mttfaif  Jmrrw  hntlwr  ■tndy. 
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to  vary  with  the  illumination  on-  the  sheet,  as  shown  in  l^ble  i. 
The  column  headed  ' '  Temperature ' '  gives  the  temperature  for  tiie 
Plaiicldan  stimulus  evoking  the  gray  sensation  under  the. several 
conditions  specified. 

The  effect  of  severely  fatiguing  the  eye  selectively  with  the  long 
wave  lengths  (yellow,  orange,  and  red)  was  foimd  as  follows:  At 
the  end  of  a  long  series  of  observations  in  the  dark  the  observer 
(I.  G.  P.)  looked  through  an  orange  glass  at  a  bright  sky  for  several 
minutes  and  then  immediately  began  observations  again.  The 
following  temperatures  for  the  stimulus  for  gray  were  found: 

'K 
lfeuio(49abaerTatiaiiswiaitn3ominutc3Justb«(oreth«fBtiguc 5580 

(    63S» 
Bxtremei  of  i^Mrre  obMrvotiona (    and 

I    475« 

Obtervatioiu  immediately  before  fatigue 590a 

ObMmtlaiia  imffledistcly  liter  fattgoe IcMthan..    4fna 

Obwrvatioiu  5  miautea  after  fatigue about..     5409 

ObNivatioiis  8  minutes  after  fatigue. about. .    tiooo 

Observations  10  minutes  after  fatigue abont. .     5800 

It  will  be  noticed  that  while  the  immediate  effect  of  this  selective 
^tigue  was  pronounced  the  recovery  was  rapid  and  complete 
within  10  minutes.  Considering  the  extreme  nature  of  the  fati- 
guing stimulus  in  this  case  and  the  rapidity  of  recovery  from  it, 
we  have  concluded  that  under  ordinary  circumstances  a  10  to  15 
minute  rest  in  the  dark  before  beginning  observations  is  sufficient 
to  bring  the  eye  to  what  may  be  considered  a  standard  non< 
fatigued  state.  This  preliminary  period  of  rest  has  accordingly 
been  observed  in  all  of  the  experiments  under  the  secaad  method." 

2.  RSSULTS  BY  THE  HXTHOD  OT  AOJDSTICBKT  BY  TBUL. 

This  method  has  been  followed  only  by  the  author  himself.  The 
only  other  observer  (H.  J.  M.)  who  attempted  it  did  not  obtain 
teasonabte  or  consistent  results  and  complained  that  the  unavoid- 
able changes  of  brilliance  prejudiced  and  vitiated  his  readings  to 
such  an  extent  that  it  was  deemed  wise  to  abandwi  the  attempt- 

The  author  made  209  such  settings  distributed  about  equally 
over  4  days.  The  results  are  summarized  graphically  in  Vi^.  il 
in  the  following  way : 

A  count  has  been  made  of  the  number  of  individual  obserratioos 
falling  within  each  of  the  following  temperattuv  intervals:  4675- 
4925,  4925-5175.  5175-5425.  5425-5675.  5675-5925.  5925-6175. 
6175-6425,  6425-6675°  K.    These  numbers  (h«quency  of  dioice) 
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are  plotted  as  ordxtmtes  against  the  wave  length  o{  the  center  of 
gravity  of  the  spectral  distribution  of  light "  for  the  mean  tem- 
perature of  the  interval.  Temperatures  corresponding  to  Xo  are 
given  in  the  u{^>er  margin  of  the  figure.  Inspection  of  Fig.  1 1 
^lows  that  the  mode  (maximum  prdinate)  of  this  distribution  of 
choices  falls  at  about  5400''  K.  The  arithmetica]  mean  of  the  309 
touperatutes  is  5480''  K. 
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3.  SBSDLTS  BT  TEX  MXTHOD  OT  AHSWSftS 

Aside  ftxnn  a  few  uns)rstematic  preliminary  trials,  the  complete 
transcript  of  the  record  of  all  determinations  so  far  made  by  the 
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method  of  answers  is  shown  in  Fig.  12,  which,  in  connection  with 
the  description  of  the  method  given  above,  should  be  self-ex- 
planatory 

While  simple  mspection  of  the  tabular  presentation  of  the  data  in 
Fig.  12  will  serve  to  indicate  roughly  the  temperature  a  Flanddan 
radiator  would  have  in  order  that  the  radiant  energy  would  evoke 
the  gray  sensation,  a  graphic  presentation  is  much  more  instructive 
and  indicates  the  temperature  much  more  definitely.  Such  a 
graphic  presentation  is  shown  in  Ftgs.  13a  and  136.  The  scale  of 
equal  parts  on  the  abscissa  (bottom  of  each  figure)  is  in  terms  of  \,, 
while  corresponding  temperatures  of  the  source  are  shown  on  a 
scale  at  the  top  of  each  figure.**  The  ordinates  show  the-  prob- 
ability of  the  observer's  recc^nizing  the  stimulus  as  "blue," 
"white,"  or  "yellow,"  as  the  case  may  be.".  It  is  evident  that 
the  stimulus  of  gray  is  located  (in  terms  of  Xo  or  temperature)  by 
the  intersection  of  the  blue  and  yellow  curves. 

Within  the  experimental  uncertainty,  the  Xg  coordinate  of  this 
intersection  appears  to  be  the  same  as-  the  X,  coordinate  of  the 
marimiim  of  the  white  curve,  as  would  be  theoretically  expected, 
while  it  can  be  determined  more  definitely.  The  probfUnlity  of 
recognizing  this  stimulus  as  blue  is  equal  to  the  probabiUly  of 
recognizing  it  as  yellow;  while  the  probabihty  of  recognizing  it 
as  either  is  rather  low,  since  the  probability  of  rect^nizing  it  as 
gray  is  a  maximum. 

Values  of  temperature  and  of  X,  corresponding  to  the  intersection 
of  the  blue  and  yellow  curves  are  shown  in  Table  2  under  the 
caption  "  Average  stimidus  for  gray."  Tlie  stimuli,  which,  accord- 
ing to  these  ciuves  (Figs,  i^a  and  136),  will  always  be  recognized 
as  blue  or  yellow  are  also  specified  in  Table  2.  The  spectral 
distributions  of  energy  in  the  several  limiting  cases  found  in  tiiis 
investigation  are  ^own  in  Fig.  14,  which  is  self-explanatory. 

■  Sxptidtlv,  thoe  oidbwwi  iliow  Uw  vului  ol  tin  latlo: 
^OtAl  Dun  "         '   '     '  ■ 
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IV.  SUMMARY  AND    CONCLUSIONS 
1.  PRINCIPAL  COircLirSIORS 

On  account  of  the  limited  amount  of  data  obtained  no  general- 
ization as  to  the  average  stimulus  of  gray  can  be  drawn  from  this 
investigation.  However,  the  principal  conclusions  may  be  sum- 
marized as  follows: 

(i)  A  practical  method  suitable  for  determining  the  Plancldan 
stimulus  of  gray  has  been  developed  and  thoroughly  tested 
experimentally.  The  yellow-blue  transition  has  been  found  to 
be  a  much  more  d^nite  phenomenon  than  was  anticipated,  and 
definite,  unambiguous  results  can  be  obtained  in  determining  the 
hypothetical  source  temperature  marking  this  transition.**  The 
method  of  observation  settled  upon  (method  of  answers)  is  easy  of 
application  and  entirely  satisfactory. 

(3)  This  yellow-blue  transition  temperature  has  been  determined 
for  four  individuals,  as  follows: 


CAS 
B  IH 
Hk.T 

to  P 


_L 


(3)  The  most  probable  average  value  for  the  yellow-blue 
transition  temperature,  based  on  these  four  individuals,  is  about 
5200°  K.  That  is  to  say,  based  on  these  limiied  data,  the  best 
representative  temperature  for  a  Plancldan  radiator,  in  order  that 
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its  radiant  energy  shall  evoke  the  gray  sensation  in  the  average 
individual,  is  5200^  K. 

(4)  There  is  an  indication  that  the  yellow-blue  transition 
temperature  depends  upon  the  observer's  age,  but  no  conclusion 
on  this  point  can  be  positively  affirmed. 

(5)  With  regard  to  change  in  the  wave  length  of  the  center  of 
gravity  of  the  spectral  distribution  of  light,  the  transition  from 
yellow  to  blue  is  remarkably  abrupt  and  well  defined.**  The 
wave  length  of  the  center  of  gravity  for  gray  is  determined  for 
each  observer  with  an  uncertainty  less  than  i  millimicron.  A 
chat^e  of  about  6  millitnicrons  in  the  wave  length  of  center  of 
gravity  changes  the  sensation  from  undoubted  yellow  to  undoubted 
blue;  that  is,  this  change  covers  completely  the  observer's  range 
of  doubt  as  to  whether  the  sensation  should  be  called  blue  or 
yellow  and  within  which  it  may  be  called  white.  The  range  of 
the  four  observers'  determinations  of  the  wave  length  of  the  center 
of  gravity  for  white  is  about  1.3  millimicrons.  The  range  for 
three  of  the  observers  of  nearly  the  same  age  is  only  0.2  milli- 
micron.** 

(6)  The  effect  of  previous  selective  fatigue  on  the  determina- 
tion of  the  yellow-blue  transition  temperature  is  very  noticeable 
but  disappears  in  a  few  minutes.** 

2.  IRCIDBlfTAL  COnCinSIOITS 

A  number  of  standards  for  "average  daylight,"  "average  sun- 
light," and  "white  light"  (objective)  have  been  proposed  mote 
or  less  definitely  heretofore.  Some  of  these  are  compared  with 
our  present  results  in  the  following  table: 


"ATaiHS     OwUcbt." 


"  Compire  Fia.  13  md  Tablr  1 

a  It  tbouU  be  ButBl  t^t  Uc  1 

GQinpittcd  Itom  cku  tentative  a 

to  Ih*  obKTVu's  own  Individu 


ave  iBifth  of  etmttt^  ftarltr  (X.)  MdtMend  fate  ta.  (■  evierr  CM*,  tkat 
udanl  d  avoagc  vinbiUty  (dottKI  nuvc.  PU-  >)  and  b  nut  ittoitd 
J  vuibQity.  In  further  mnk  it  nlll  be  deriiable'  to  coniiute  alio  X> 
vidUHtr  awl  MtAi^t  to  comMs  WEh  vtacfvo'i  ■Ihrtw  for  nn 
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Accepting  our  stimulus  of  gray  given  above  as  a  tentative 
standard,  we  may  concltide  that  under  our  standard  conditions  ■* 
various  stimuli  will  evoke  sensations  as  follows: 

Abbot-Priest 

Arenge  BOOB  San iVtry  nearly  gny  -  -    

Winter  sun  or  tun  in  nonUng  or    Pale  gieenuh  yeUtnr.     By  rinmlttawnnt 
Bfternoon  cmtrHot    atandird    gn?    apgcan    pale 

purple.    (Ccmfirmed  by  experiment) 

Noon  nmuner  mm ..Pale  blue 

Ives's  "A^en^  doyUght, "  SM«*  E  ■••.■  Vtoy  pak  TeUnr  or  ^MriuqM  gnj- 

Oflge'a  "Average  dv^gbt,"  7000°  E Blue.    (Cotifinned   by   cxperimant    with 

"Daylite"|^ass,  B.  S.  15  648  A} 

The  spectral  distributions  of  these  stimuli  and  of  some  com- 
mon artificial  sonrces  are  shown  in  Fig.  15. 

The  average  noon  sunlight  derived  from  Abbot's  data  is  accord- 
ingly found  to  be  a  close  approxii)iation  to  tlie  stimulus  for  gray.  ' 
However,  ft  is  to  be  noted  that  this  average  sunlight  does  not 
conform  strictly  to  a  Planckian  ("blade-body")  spectral  distri- 
bution, and  on  this  account,  -as  well  as  on  accotmt  of  the  small 
difference  in  \,  the  color  match  may  not  be  perfect. 

The  spectral  distribution  of  sunlight  at  the  earth's  surface  in 
the  winter  or  in  the  morning  or  evening  departs  notabty  from.  ^ 
Planckian  distribution  in  such  a  ^roy  that  the  colors  by  simulta- 
neous contrast  are: 

Sun,  pale  greeni^  yellow. 

Cranpiete  radiator,  p£^  purine. 

While,  relative  to  the  tentative  gray  found  in  tlus  lnv«9tigft- 
tien,  Ives's  "average  dayUght!'  wotdd  be  iriightly^  ydlow,  it -is 
quite  possible  that  a  mca«i  extensive  statistical  investigation  ' 
would  show  it  to  be  a  good  representative  gray. 

Gage's  "average  daylight"  (6500-7000°  K)  is  definitely  and 
imambiguously  blue,  This  condpsion  has  been  confirmed"  by" 
direct  experiment  by  the  method  of  answers  applied  to  this 
stimulus.**  It  was  called  blue  10  times  out  of  10,  the  observer 
(H.  J.  M.)  being  under  the  impression  that  the  trials  were  beinj 
made  with  the  variable  rotatory  dispersion  stimulixs,  and  that  the . 
stimulus  was  being  chained. 

»  sotfcnt  icp*  E  modUHnir  "Dtffiu  "  fUM  cb;  s.  II M  A. ) 
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9.  8UOOSSTIOHS  AS  TO  rUTURB  WORK 

It  would  seem  desirable  that  an  extensiTe  statistical  determina- 
tion ci  the  Plancldan  stimulus  of  gray  be  made  by  means  of  the 
method  of  answers  described  in  this  paper. 

The  following  suggestiocs  relative  to  details  in  'die  method  of 
answers  should  be  considered  in  plamxing  future  woric : 

(i)  Standard  temperatures  at  which  decisions  are  made  should 
be  taken  at  smaller  intervals  in  the  neigfabu'bood  of  the  transition 
temperature. 

(2)  It  might  be  desirable  to  substitute  the  operation  of  a  shutter 
controlled  by  the  operator  for  the  opening  and  closing  tA  the 
observer's  ^es. 

(3)  The  effect  of  cbanging  the  following  factors  should  be 
studied: 

(a)  The  intensity  of  the  stimulus; 

(6)  The  size  of  the  field; 

(c)  The  order  of  taking  the  different  temperatures; 

(<0  The  exposure  time,  to  be  investigated  by  means  of  a  timed 
shutter  controlled  by  the  operator,  presenting  the  stimulus  for  a 
definite  period,  at  the  end  of  vhick  the  observer  is  to  announce  his 
decision; 

(e)  The  effect  of  fatigue.  In  particular,  it  is  proposed  to  com- 
pare the  results  obtained  immediately  after  a  night's  sleep  and 
before  ike  eye  has  been  subjected  to  any  sHmiUus  with  thoee  obtained 
at  the  end  of  a  working  day,  and  also  with  those  obtained  after 
prolonged  exposure  to  various  specified  stimuli  of  moderate 
intensity. 

Some  extension  of  the  present  work  will  probably  be  undertaken 
at  the  Bureau  of  Standards  during  the  coming  year,  and  it  is  also 
to  be  hoped  that  other  investigators  will  undertake  such  deter- 
minations independently. 

Wasbinoton,  February  10,  1931. 
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AKD  CORKELATIOir  OV  THE  CHARACTERISTICS  OF  VISION 


That  part  of  visual  optics  dealing  with  the  relatkau  al  stimuliu  and  aenaation  (the 
vimfil  psychophysical  reUtknu)  long  ago  reaclKd  the  stage  where  it  would  have  been 
pfofitable  ta  clotify  and  aet  In  crder  the  prablenxi  awaiting  Btdntion  to  the  end  diat 
they  mi^t  be  attacked  in  an  orderly  and  cfiiEctive  maimer.  We  are  indebted  to 
Nutting  and  to  Richtmyer  for  seveial  interestiiig  and  stimulating  papers  ^lich  point 
the  wayin  this  direction, but  aside  from  iheae  the  author  la  not  aware  of  any  systematic 
attempt  to  survey  this  field.  The  outline  below  is  the  result  of  several  yeara'  tinnking 
on  thia  subject  incident  to  the  problems  cnsfrDnting  one  w^ha*  to  deal  daily  wiQl 
ocdorimetry  and  color  specifications  from  a  practical  point  of.  view.  It  repteaents  a 
digest  of  purely  scientific  data  urgently  needed  for  practical  (and  often  utilitarian) 
purpoMs.  Careful  cooaideratioa  rcveala  tiie  fact  that  Oeae  are  the  same  data  needed 
in  enter  to  advance  "pure"  science  in  the  matter  of  ehicidsitiag  tfw  phenomena  of 
color  pcrceotion.  The  purpose  of  ttii^  appendix  is  to  discct  attention  to  thi«  compai^ 
lively  neglected  field  of  research  in  tite  hope  that  it  may  act  as  a  stimulus  to  more 
intenave  cultivatioci.  Occasion  is  also  txken  to  point  out,  in  this  connection,  the 
general  utility  of  the  "method  of  answers"  used  in  the  preceding  paper. 

Thk  outline  is  to  be  resided  merely  as  the  tentative  remit  of  an  attempt  to  set  ia 
order,  in  a  preliminary  way,  the  subject  matter  dealt  with.  It  will,  of  couise,  require 
revidon  and  amplification  and  is  of  no  permanent  didactic  value.  It  may  serve  as 
a  temporary  b«ab  for  JlscnsKao.  - 


The  cardinal  features  of  the  visual  response  to  stimulation  by  radiant  energy  which, 
ale  susceptible  to  quantitative  study  may  be  claaufied  as  follows  (at  least  in  part): 
I.'  To  Be  DeietHtimdos  Ftiiuiiims  aft^requMcj  {or  Watk  Length)  and  Inlensity  ofS^M^ 
lusmdSiMcfFi*UVin»t*,   . 

(A)  The  visibility  of  radiant  eneigy.  [i}" 

(B)  Contrast  sensibility — the  least  change  in  inten^ty  erf  stimulus  perceptible  as 
a  diange  in  brilliance.  [2] 

(C)  Hue  sen^bility— the  least  change  in  ^equency  (or  i>ave  ler^th)  pcroqiftttle 
as  a  change  in  hue.  [3]  (Hue  sensibility  miist  also  be  detennined  as  a  func- 
tion of  purity.  [4]  (Cf.  Watson,  Proc.  Roy.  Soc.,  Loudon.  B,  84,  pp.  tiS-iat; 
191 1.) 

(D)  Saturation  sennbility—the  least  change  in  purity  perceptible  as  a  diange  in 
saturation.  [4] 

(B)  The  three  "primacy  sensations."  [5] 

(P)  The  time  rates  of  adaptation — growth  and  decay  d  sensation  with  duration 

of  stimulus— "persiatence  of  vision."  [0] 
(G)  The  names  for  colota  evoked  by  homq^eneoui  stimuli.  [7] 

"AdMifledbBilkicm 
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1.  To  B*  DtltrmiKtd  as  Funeiioni  of  Initmity  </  SUmuhu  and  (fa  Sitt  ttf  Om  Field 
Vuwti. 

(A)  The  freqnenciw  (or  wave  lengths)  of  the  SimtiU  oC  oomplenKntBiT  Inlet.  [8] 

(B)  The  retetiTe  inteaHtiea  of  the  faonKgenecraa  01111101]  d  compIcmcntaf7  hues 

feqnind  to  be  mixed  to  evohe  the  gny  Mmsatkni.  [9] 

(C)  The  fnqttcaidcs  of  the  tbice  homaKcneous  Ainiull  best  nilted  to  eroke  the 

gny  ™"°*'*™  by  their  joint  actioa.  [10] 

(D)  The  relative  intensitiee  of  the  thfce  hoaiogetieona  (timnli  requifed  to  be 

mixed  to  eToke  the  gray  aenaatkm. 

(E)  The  Plancldan  qiectnd  distributian  of  cnerEy  required  to  evoke  the  gray 

WBHttDa.  [U] 
9.  To  B*  D*l*tw*iui  <u  Fy^ietioiu  of  Fn^tmicj  <fiT  Wa^  LtngA)  of  Stkm^iu  ami  SiM 
t^FiM  Vitvoi. 

(A)  The    least    atimtdtia    vi    yisvef^VliK    brilUance    (K>-c«lled    "achnmurtie 

thradboU"). 

(B)  The  kaat  atiandna  conpetcnt  to  evohe  a  cokv  at  dtanctericdc  htie  (iD^alled' 

"chfomtk  tbKaboId").  [12] 


An  extenalTe  tboroughgotiiK  atatiatical  determiiiAtlon  al  thcK  cluracttrbtlct  ll 
deaiiable  for  the  following  reasons:  (1)  In  order  to  pcovlde  reliable  and  oompvable 
data  for  the  study  of  vision  aa  a  pun  sdenoe.  (1)  In  atder  to  provide  «  reliaUe 
scientific  baaia  foe  practical  coloametiy  and  ookar  apedficadon.  (3)  In  onter  to  pro^ 
vide  a  triable  ■"tfr'^^Y'  bads  for  the  practical  dlagnoaia  of  colopibUndncM. 

m 

In  Older  to  fully  serve  Am  ptnpow  noted  under  IT  (3)  dMve,  It  win  fnrdMT  be  ncce^ 
aary  that  the  aboive  daU  fntni  eadi  observer  be  0an«lBted  with  hit  reactiana  ttcefttfai 
testa  previonily  ieconunended  and  moR  or  lestgeuersBy  used  in  the  routine  di^^noalt 
of  cokr-blindoesa.    In  the  author 'tofrinlon,  the  more  important  of  these  teatt  tic:  [13} 

t.  Holmgren  Yams;  \14\ 

3.  Stilling  Charts:  [15] 

3.  Nagel  Chartai  [l<f] 

4.  Anomalo^op  Readily  (Kaylei^  Bqoatkn);  [17] 

5.  Leucoacope  Beading;  [IX] 

6.  Edridge-Green  "Colour  Pcrccptioii  Spectrometer."  [19[  (The  foUonring  in^ 
provemcnts  to  the  Edridgc-Oreen  instrument  mi^t  periia|M  be  made  for  the  lafce  of 
simple  standard  conditions:  (i)  Substitution  of  a  grating  for  the  disperrion  prism  in 
order  to  have  a  normal  spectrum,  (i)  Ute  of  standard  a>ti£dHl  average  noon  snnli^t 
few  iUwmlnatton  by  means  <d  the  arrsngemeat  propoaed  by  Priest,  Fhya.  Bev.,  (3), 
11,  p.  503,  I^g.  i;  1918. 

7.  Practical  Tetts  for  the  Recognitiott  or  Ooofosion  of  Signal  L^ts  under  Actual 
Working  Cnwditinw. 

Certain  "lantern"  testa  [20]  have  bees  pcopoaed  to  nmujate  appcindmatBly  tuch 
conditions.  I  would,  however,  propose  in  place  ot  these  a  test,  the  essential  features 
of  which  may  be  outlined  as  follows: 

A  test  nuige  would  be  provided,  at  opposite  ends  of  which  would  be  an  aettut 
standard  railway  signal  lantern  and  the  subject  being  tested.  The  length  of  this  range 
should  be  the  distance  at  which  the  engineer  must  reot^iie  the  signal  in  older  to 
property  control  his  train. 

The  subject  being  stationed  and  hh  attention  directed  to  the  lantern,  the  signals 
diown  and  Uu  ftm<  of  thawing  would  be  automatically  recorded  on  a  chranogiaph 
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The  subject  vould  indicate  hia  reactiaa  hy.  mitafalr  prescribed  motjon  of  b  lever 
(wbicli  mlgbt  imitate  the  enfrineer'a  throttle  lever),  a&d  the  time  ol  thia  reactioa 
would  he  reootded  on  the  aante  tiuoaofiK^  recofd. 

DetenninBtkRW  ahould  be  nnde  at  tercnd  intenaitiea,  and  a  immber  ol  detcnsina- 
tions  should,  erf  coTirsc,  be  made  for  e«ch  indlTidMaL 

It  will  be  ofaaerved  that  a  notable  merit  of  tbia  propoaed  teat  Uea  in  the  £act  that 
It  reoorda  not  only  the  aabject'a  rtrriaiow  aa  to  tbc  rigiial,  but  «ln  A*  Jmm  it  lock  Uk 
to  mtakt  Utt  dtdrion,  which  ia  a  vUal  factor  bi  thia  caae. 

17 

It  ia  obvioiM  that  in  order  to  yield  the  mgrinrnm  information  all  of  theae  diancter- 
litica  ihonld  be  determined  for  the  swne  aMbjecta. 

It  b  also  obvious  that  they  should  be  oonvlated  with  leferoMe  to  Ibe  foUowing 
variablea  aa  to  the  aubjecta:  (i)  race,  (a)  anc,  {3)  age. 

The  magnitude  of  such  an  inveatigation ,  compRhending  aevexal  hvBdnd  individtad 
obMTven,  ia  to  »M»v»i«gi«ig  that  wc  are  obliged  to  ooaiaider  how  it  may  be  abridged 
with  least  low.  That  is,  of  the  whole  outline  abore,  what  ia  moat  important  to  be 
done  fiiat? 

The  first  queaticai  that  ariaea  is  which  of  the  above  chatactctiaticaia  it  tnoat  inpoitant 
to  detemdaeon  the  nine  large  gnmpof  individuala  in  order  (t)  to  btdld  tip  a  con- 
dstcnt  theory  Ol  ookr  visioa,  <3)  to  ehicidBte  the  phntomana  of  "odor-bUndnina" 
aad  ha  practicai  dlagiwda,  and  (3)  to  tttovlde  the  moat  needed  data  for  practfeal 
Gcdorimetiy?  These,  in  die  author's  oplidoai,  are  the  mxs  listed  under  I,  i,  A  to  B 
andl,  9,  A  to  E.  together  with  the  practical  testa  for  "c(dor-blind0eas"nnder  III. 

In  regard  to  the  detcimination  of  the  several  characteristics  as  a  functicn  of  the 
intentity  of  the  stimulus,  it  appears  that  this  should  not  be  undertaken  for  the  whole 
gitmp,  but  rather  In  a  very  limited  way  as  a  subcwdinate  auxiliary  inveatigatk».  Rir 
the  general  investigatiofi  a  standard  istensity  gMag  a  comlortable  brilliance  high 
enough  to  avoid  the  Purldnjc  cAcct  and  Jow  etnugh  to  a-vold  oon^iienona  or  persistent 
afterimagea  should  be  choam. 

lalcewise,  the  effect  of  field  size  diould  be  studied  in  a  similar  United  subordinate 
investigatiDn.    The  standard  field  rice  for  the  large  group  should  be  about  3  to  3.5°. 

Similar  remarks  apply  to  other  affecting  conditions  and  cbcumstances,  such  as 
adaptation,  previous  fatigue,  and  amnltancmia  contrast,  all  of  irtiich  may  be  studied 
in  a  limited  way  ou  small  gnmpe  and  auitable  standard  conditions  chosen  to  apply  to 
the  large  ^trap. 

In  regard  to  determinations  as  ■  fanetitm  of  frequency  (or  wave  length),  such 
detcnninatiDns  ahould  cover  the  whole  group. 

Visibility  (1,1,  A  above),  the  "three  sensations"  (I,  r,  E  above),  and  "hue  sensi- 
t»lity"(I,  I,  C  above)  diould  be  determined  at  from  so  to  3Dp(Hnts  in  the  spectrum. 

"Contrast  sensibility  "or  "photometric  sennbility"  (I,  i,  B  above)  determfaiatkats 
mi^tbeIimitedto3(perbap95)bonKigeneou9Hghtsai>d"whlte"Ii^t{I,a,  Eabove). 

The  number  of  fFequcuctes  at  which  detcrminatians  of  purity  smribillty  should  be 
made  will  probably  require  a  preliminary  study. 

Spectral  oofors  should  be  named  (I,  i,G  above)  at  profa^lyMdlfiereat  frequencies. 

In  order  to  avoid,  for  the  present,  complications  (which  may  be  studied  in  detail 
later),  all  subjects  should  be  In  su  approxinwtely  normal  ttxte  of  general  health  and 
not  addicted  to  drug*. 

V 

Even  with  the  llmitatious  just  Imposed,  the  magnitude  of  the  investigatiou  is  such 
that  no  practicable  plan  for  carrying  it  out  can  be  suggested  at  once.  Our  preaeot 
purpose  is  merely  to  outline  the  work  definitely  and  stress  its  importance.  The  needs 
of  "pure"  science  and  the  needs  of  "applied"  science,  particulariy  in  cokximetry 
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and  the  diagncxia  of  "color-blindnen, "  uijcutly  require  the  remits  (rf  such  an  Investi- 

One  point  especially  to  be  erni^iaaized  b  the  desimbllHy  of  obtaining  data  on  these 
aevenl  characteristics /rmn  A>  tanu  indimduaU  in  order  that — 

(i)  They  may  be  cotrelated,  merely  as  a  matter  of  scientific  interest. 

(9)  The  lesults  of  the  more  or  less  empiric  routine  tests  for  oolor-blindneas  may 
be  cenelated  with  the  more  simple  fundamental  scientific  data. 

Of  all  these  characteristics  by  far  the  moat  work  of  present  value  has  heretofote 
been  done  on  viability,  and  comparatively  reliable  and  satisfactory  data  on  it  ore 
now  extant.  Nevertheless,  there  is  at  present  some  advocacy  of  a  still  more  exten- 
sive itatistical  determination  of  thb  characteristic.  In  the  author's  optniata,  it  woold 
be  an  exceedingly  ill-adviacd  and  unfortunate  expenditure  of  efioit  to  undertake 
such  an  Investigatioit  iBilXout  timultatutnuly  dtUrmtmag  Ou  oOter  ckaracttTuUci,  out- 
Uiud  abvM.for  tim  tarn*  group  of  tubjtctt.  Ott  the  other  hand,  the  getting  together 
of  a  group  of  obacrven  far  auch  an  inTestigation  would  aSonl  the  desired  (qiportunity 
to  cany  out  die  other  determlnationa,  and  the  whole  iavcMi^tiaa  would  yield 
results  ol  tiu  utmost  value. 

VI" 

In  this  section  it  is  proposed  to  make  a  generalized  suggestion  relative  to  the  experi- 
■BoitRl  method  of  determining  the  psychophysical  functions  previously  enumerated. 
Theauthorisof  tbeopinicvi  that  the  "  method  of  answera"  described  in  the  preceding 
plater,  modified  alightly  to  suit  each  paitictdar  case,  would  be  advaatageotidy  appli- 
cable to  moat,  and  indeed  probably  all,  of  'dicse  determinations. 

The  advantages  of  this  method  over  the  more  usual  method  of  "adjustment  by 
trial"  ate: 

(i)  Phvsiolooicai/.— A  MmdBfd  Mate  of  the  vtatuU  apparatus  may  be  more  defi- 
tiitely  prescribed  and  maintained,  in  that  the  effect  of  fatigue  necessrity  Inheretit 
in  the  method  of  adjoatment  by  trial  ia  eliminated. 

(i)  PsYCHOLcxjiCAL.— The  deciaitMisof  the  observer  are  bound  to  be  less  prejudiced 
by  the  incidental  circumstances  and  conditions  of  the  experiment. 

(3)  As  TO  TaBATIfBNT  AHD  INTERPRSTATION  OV  THB  ExFBKIMBNTAI.  DATA.— The 
data  obtained  are  conveniently  amenable  to  treatment  by  statistical  methods  and  can 
be  graphically  presented  in  a  very  cogent  manner.  (For  example.  Figs.  13a  and  ijfr 
in  the  preceding  paper.) 

What  is  meant  can  best  be  made  dear  by  an  example,  for  which  wc  take  fint  th« 
determination  of  the  least  stimulus  competetit  to  evoke  the  hueless  sensation  of 
brilliance.  The  observer's  eye  is  biou^t  to  whatever  state  of  adaptation  may  be 
desired  and  his  attention  fixed  to  a  suitable  fixatiOD  point,  as  Is  usna]  in  such  experi- 
ments. The  operator  controls  the  stlmohis  wliich  is  predetermined  (but  unknown 
to  the  obserrer}  as  to  angular  »ze,  intensity,  spectral  compoaiticm,  and  time  of  dura- 
tion. The  observer  answeis  "Yes"  or  "No,"  meaning  thereby  that  the  sensation 
is  or  is  not  evoked.  The  experiment  proceeds  in  a  manner  quite  rimilar  to  that 
described  in  the  preceding  paper.  The  probability  of  answering  "Yes"  and  the 
probability  of  answering  "No"  arc  then  plotted  against  the  Intensity  of  the  atinralus 
(size,  qkectral  cmupotttion,  and  duration  being  constant),  or  against  any  one  cS  the 
variables,  the  othen  being  constant.  Equality  of  the  probabUitlea  of  "Yes"  and 
"No  "  evidently  determines  in  a  most  rational  manner  the  "just  preceptibte  stimulus, " 
«4iile  the  slope  of  the  curve  indicates  dearly  the  abruptness  of  the  change  from  viable 
to  nonviable  as  the  intenmty  of  the  stimulus  changes. 

As  another  example  we  may  take  the  determination  d  least  perceptible  contrast 
(photometric  sensibility).    The  operator  sets  the  photometric  field  as  to  relative  inten- 


Di3,i«db,Google 


264  Scientific  Papers  of  the  Bureau  of  Standards  (v*  ir 

rityofstimnliiiitiietnotialvei.tbcfidd  being obicured  byAihutterduiiagtliiaopetaF 
tkm.  He  uacovera  the  field  and  asks  the  observer's  decUon.  The  observer  aatwtXB'. 
"  right,"  "left,"  or  "matched,"  meaning  thereby,  respectively,  "the  right  half  is 
bri^ter,"  "the  left  half  b  brighter,"  or  "the  field  is  matched."  The  "ri^t," 
"l^t,"  and  "matched"  probability  curvet  are  then  plotted  against  the  ratio  of 
inten^ties  of  stimuli  in  a  manner  quite  analogous  to  the  "bine,"  "yellow,"  and 
"vdiite"  curves  in  the  preceding  paper.  Obviously,  such  curves  will  show  coO' 
trast  aennbility  in  a  most  definite  and  readily  intelligible  manner. 

The  same  procedure  will  probably  be  found  a  valuable  means  of  heterochiomatic 
photometry,  including  the  determination  of  the  visibility  of  iBdiant  energy. 

Similar  examples  mig^t  be  given  for  hue  sensibility,  saturation  sennbility,  etc., 
but  it  would  involve  a  quite  needless  repetition  of  wordfi;  the  reader  can  readily 
infer  the  slight  modifications  of  method  that  would  be  made  to  suit  each  particiUar 
kind  of  detenni&ation. 

It  may  or  may  not  prove  of  interest  later;  but  it  is  perhaps  worth  pointing  out  that 
by  applying  this  same  method  we  dxmld  be  able  to  detcnniue  two  other  chromatic 
tmnsitloD  temperatures  for  the  Flancldan  radiator,  oamely.  red-yellow  and  blue- 
violet,  analogous  to  the  yellow-blue  transition  determined  in  the  preceding  paper. 
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S'ECTRORAMOMETRIC    INVESTIGATION    OF    THE 

TRANSMISSION  OF  VARIOUS  SUBSTANCES,  H 

ByW.W.CoUau 


TUa  pmpa  glvea  tnaMoiidoB  data  in  the  aptetmm  extending  ftom  9.611  to  jjt, 
Oiiiif  a  minor  qtectraneter,  a  qnartz  prina,  and  a  Tacnum  thennopile.  Tlie  >nb> 
ftancca  fgamincd  are  a  granp  of  tniseral,  animal,  and  vegetable  oila  (containing  fatty 
acidi),  nitrocellnloae,  bakeUte,  and  adenitE.  It  la  riiom  tliat  the  abKrptknt  aptctn 
of  the  «!■  are  »  neartr  Identic^  that  tber  can  not  be  wed  for  drte<dfaK  the  adtittera- 
tlonofoBeallwlthHiothBr.  Thtptrrtffi'fflfhulfi  »**•*'  ■p»^«™i«in*tmi'J*t»»  accuracy 
of  the  antbor'a  preriona  work  uifng  a  rock-aalt  priam.  It  ia  found  that,  uaing  the 
leeentlrdetennlnedicfaactrTeindiceaa/raekBalt,  the  cMTccticnu  to  tlie  observations 
of  1903  to  1905  are  cf  the  ocder  c<  0.01  to  o.oa|i  and  hence  negligible. 


cohtbhts 

«6T 

II.  Experimental  apparatus  and  ptocedorc 36S 

ni.  TranmiMun  data 16S 

Appendix. — Cbnceining  the  accuracy  of  pRTknia  observadona  uilng  a  rock-Mit 

piiKu t^ 

L  IFTRODUCnAY  ST&TBMBlTf 
In  previous  papers  data  were  published  on  the  infra-red  trans- 
missiDn  of  vEirious  substances  particularly  for  wave  lengths* 
extending  from  2  to  ij/i.  One  of  the  important  conclusicms 
arrived  at  is  that  the  great  groups  of  chemical  compounds — ^for 
example,  alcohols,  fatty  acids,  etc. — ^bave  characteristic  absorp- 
tion spectra.  Hence  one  could  hardly  expect  to  detect  spcctro- 
radiometrically  the  adulteration  of  a  vegetable  oil  with  a  similar 
oil  containing  fatty  adds;  for  example,  cottonseed  oil  in  olive 
oil.  This  conclusion  was  verified  in  a  subsequent  examination  of 
pure  olive  oil,  linseed  oil,'  etc.,  in  which  the  most  conspicuous 
and.  characteristic  absorption  bands  at  3  to  9/1  occur  so  nearly  at 
the  same  wave  lengths  that  diflSculties  and  uncertainties  would 
arise  in  attempting  to  identify  the  substance  producing  them. 

The  object  of  the  preacnt  p^per  is  to  record  transmission  data 
on  the  near  infra-red  spectnun,  extending  from  0.7  to  3/1,  thus 
supplementing  previous  work,  and  incidentally  showing  that  this 
■  Pah  Mo.  u.  CMmnfit  BMtkttdBQ,cl  W«ih.;  vm-   Al«>B.  aBalL,l.ii.4n:  I«o^ 
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region  of  the  spectxum  is  likewise  unsuited  for  spectroradio- 
metrically  detecting  adulteration  of  animal  and  vegetable  oils  of 
shnSar  compositipn-  .  Pnrtherm^re.'^'fKB  a  crmei^esutim  of  tfae 
present  and  oi  tiie  previously  ^bUKhod  datia»  it- appears  .that,  as 
a  rule,  superposed  upon  the  bands  of  selective  absorption  there 
is  a  general  or  nonselective  absorption  (perhaps  it  is  merely  a 
widening  of  the  spectral  activity  of  the  band  of  selective  absorp- 
tion) which  increases  rapidly  wifli  Trtive  length.  Consequently,  ia 
order  to  extend  the  obso'vatkais  beytmd  2/1,  it  is  naxsaary  to  use 
thicknesses  of  material  of  the  order  of  o'.j  to  0.01  rpTtr  to  prevent 
complete  opacity,  whereas  thicknesses  of  i  to.  10  cm  are  required 
in  OTder  to  cAntm  the  absorption  bands  in  the  spectral  re^on 
from  0.5  to  1.511.  This  appears  to  be  true  whether  or  not  tie 
substance^or  example,  dyestufis — exhibits  absorption  in .  t)te 
visible  spectrum. 

n.  BXPBRDIBirUL  APPARATUS  AUD  FKOCSOURX 

The  spectroradiometer  used  in  the  present  investigation  con- 
sisted of  a  miiTor  spectrometer  described  in  pr^ous  worlc,*  a 
quartz  prism  *  which  gives  a  relatively  large  dispersion  in  the  re- 
gion of  Q.7  to  3ii,  and  a  vaciuun  tbermopite.*  The  aourpeof  radia- 
tion was  a  500-watt,  gas-filled  tungsten  lamp. 

The  absorption  cell,  i  cm  in  tbicTpwps,,was  provided  with  thin. 
highly  polished  quartz  windows.  For  examining  thin  layers  of 
material  cells  0.3  mm  or  less  in  thickness  were  employed.  They 
were  made  of  plates  of  microscope  cover  glass  between  which  was 
placed  a  U-shaped  wire  or  tin  foil,  then  glued.. 

The  experimental  procedure  was  to  note  the  galvanometer  de- 
flection with  and  witHout  the  cell  before  the  spectromete^-'slit.  No 
correction  was  made  for  loss  of  energy  by  reflection  and  absorption 
in  the  glass  and  quartz  wmdows,  which  loss  is  quite  unifOTm  to 
2.4p.  Id  some  cases  the  transmission  is  higher  than  the  theoretical 
value  (92  per  cent),  from  which  it  appears  that  there  may  have 
been  internal  reflection  in  the  cell.  However,  since  the  main  part 
of  the  problem  was  the  accurate  mapping  of  the  location  of  the 
absorption  bands,  this  is  of  no  great  importance. 


The  first  observations  to  be  described  tinder  this  caption  are  on 
a  series  of  animal  and  vegetable  oils.  These  observations  are  illus- 
trated in  a  senes  of  spectral  transmission  curves,  which  are  given 
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at  randcHU,  withdut  spedal  i«ference  ttt  the  ari^  of  the  material 
(whether  atiinial  or  vegetable)  in  order  to  ^low  the  great  similari^ 
of  curves,  and  hence  tbeJ£..UDSuitabiUty  for  .detecting  adulter- 
ation. All  these  oils,  when  in  a  i  cm  layer,  exhibit  three  deep, 
wide  bands  in  the  region  of  1.18,  1.39,  and  i'.75;i,  respectively. 
Practically  the  only  distinguishing  diaracteristic  is  the  abSorpticoi 
band  at  0.65/1  which  occurs  in  vegetable  oils  containing  chlorophyl. 
In  the  infra-red  the  writer  found  only  slight  indications  of  selective 
absorption,*  in  the  region  of  0.73/1,  in  an  alcoholic  solution  o^  chlo- 
rophyl.  Owing  to  the  great  opacity  of  alcohol  at  1.2  to  i.^n  it 
remains  to  be  detemuned  whether  the  observed  increase  in  apswp- 
tioa  of  chlorophyl  at  i  .4/1  is  correct.  j , 

Otive  Oil. — ^The  triasmission  curve  of  a  i  cm  layer  of  pur^  olive 
oil  Is  given  in  curvp  A,  Fig.  i.  Similar  data  were  prevjiously 
obtaiittcff*  far  the  s|iectral  region  of  3  to  io/i,the  thickaessbf  the 
lay^being  o^y  aooy  mm.  As  already  mentionedL_the  absorp- 
tion band  at  0.65^  is  caused  by  chlorophyl. 

Cottonseed  Oil. — ^The  sample  examined  was  a  standard  com- 
mercial prodtict  (eolotksB  and  free  irDm  diloroidxyl)  knamn  as 
Wesacw  oiL  The  ttangaiasion  of  a  i  imi  layeris  given  latnrre  B, 
Fig.  I.  From  the  close  similaii^  of  the  tmtumiaiiotiifatFvc  of' 
cottonseed  oil  and  that  of  olive  oil  it  is  evident  that  the  spectro- 
radlometric  test  can  not  be  used  to  detect  the  adultec&tion  of 
dive  oil  with  cottonseed  oil. 

Peanut  Oil. — ^The  sample  eacamincd  was  a  commercial  product. 
The  spectral  transmission  of  a  i  cm  layer  is  given  in  curve  C, 

Fig.  I. 

Tung  Oil. — ^The  sample  escamined  was  obtained  from  the 
chemistry  division.  It  was  made  frxon  nuts  gathered  especially 
for  the  purpose  of  procuring  the  pure  product  free  from  adul- 
terants found  in  the  commercial  material,  which  is  a  liquid.  The 
present  sample  was  a  white  solid  which  liquefied  on  warming,  after 
which  it  would  remain  liquid  for  several  days. 

The  transmission  of  a  i  cm  layer  of  this  material,  in  the  liquid 
state,  is  given  in  curve  A,  Fig.  2.  Tung  oil  is  adulterated  with 
soya-bean  oil,  with  cottonseed  oil,  and  sometimes  with  fish  ml. 
The  transmission  curves  are  so  nearly  identical  that  they  can  not 
be  distinguished  with  certainty. 
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Catfish  Oil. — ^Tlie  transmission  of  a  i  cm  layer  of  catfish  oil  is 
given  in  curve  B,  Fig.  3. 


Fia.x.—A,oliMoU;B,a>li<>»tmdoil;  C,p*tMutoil 

Soya-Bean  Oil. — The  q)ecial  transmission  of  a  t  cm  layer  <tf 
commercial  K^ra-bean  oU  is  given  in  curve  C,  Fig.  3.  Soya'4)ean 
oil  b  used  to  adulterate  linseed  oil. 


Fio.  a. — A,  iimg  oil; B,ca(fijh  oil;  C,ioya  b*a»  oil 


Lard  OH. — ^The  spectral  transmission  Of  a  i  cm  layer  of  clear 
lard  oil  is  given  in  curve  A,  Fig.  3.  It  is  conspicuous  for  the 
sharpness  of  its  absorption  bands  at  0.7,  0.9,  1.18,  and  1.41  ;i.  ' 
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Fatty  Acids  of  Linseed  Qil.— This  material  was  prepsaed  in  the 
chemistry  cUvisioii  of  this  Bureau.    It  was  brownish  in  ccdor^ 


Pi0.3.-~tMiiiit,A:fattraeidicfliiumdoU.B 

tiius  causing  high  absorption,  in  the  viokt  end  of  the  visible 
spectrum.  The  spectral  transmission  of  a  i  cm  layer  is  given  in 
curve  B,  Fig.  3. 


Linseed  Oil. — ^The  spectral  transmissions  of  various  thicknesses 
of  pure  linseed  oil  are  given  in  Fig.  4.  Curve  A  gives  the  trans- 
mission throi^h'a  thickness  of  0.02  nun;  curve  £(=0.37  mm; 
curve  C-io  mm. 
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Cuivt0  gj*es  the  tnmsmissioo  of  a  lo  cm  layer  of  cottonseed  <>a. 
It  is  taken  from  a  paper  byGibson*  to  illustrate  the  effftct  vi 
tbkkftem  upan  the- iatensity  '^ &e- abs^pttoa-baadfi  meBtioned 
in  tfae  first  part  of  the  paper.  Curve  C  (i  ctti  layer)  is  dr^wn  to 
alarger  scale  in  curve  j4,  Fig.  5.   '.  '  .    -;  ■ 

ijhese  curves  are  interesting  H  ^ustiating  a  rapid  inoaase  in 
absbrption  in  the  spectrum  beyond  i  .5^- with  increase  in  thickness 
of  Ipe  material.  Th*  wide  ungymmetlical  band  at  2.3/1  appears 
to  lie  a  complex  group  of  sttiaH  bands.  The  sharp  band  at  1.72^ 
is  t<|  be  noticed,  since^  it 'is'harmonic  Wh  the  bands  at 3.43JU,  6.86;t, 


Fic.  s.—A ,  tinittd  oil;  B,  olmc  add;  C,  gtyimin* 

etc.,  previously  observed.*  These  bands  are  characteristic  of 
substances  containing  CH,  groups  of  atoms."  Whether  the  small 
band  at  o.86;i  observed  in  some  of  these  curves  belongs  to  this 
harmonic  series  remains  undetermined. 

Oleic  Acid. — This  substance  is  found  in  lard  oil,  olive  oil,  etc. 
The  spectral  transmis^n  of  a  i  cm  layer  is  given  in  curve  B, 
'Big.  5.  The  transmission  of  thinner  layers  is  given  in  previous 
papers." 

Glycerin. — ^Tbe  spectral  transmission  of  a  i  cm  layer  is  given  in 
curve  C,  Fig.  5.  It  is  almost  as  opaque  as  wato*  for  radiations  of 
wave  lengths  greater  than  i  .4^. 
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NitroceUiUoae. — Hie  samplesexaiziiaed  were  obtained  under -the 
trade  names.  Celluloid,  PyrBlin,  and  Viscoloid."  Tbe^  were  thm, 
uncolored,  and  quite  free  from  scratclies  and  other  imperfections. 
The  thickness  was  ctoaely  the  same  for  cdl'sftmfflesj^being  0.23' tmn 
for  celluloid  and  viscoloid,  and  0.26-inm  for  p^idlin.''  . 

The  observed  data  are  Uhistrated  in  Fig.  6^  iii  which  A  ripte- 
settts  the  observations  on  oeUuloid  from  a.55  to  jju'and  A^  lepre- 
sents  the  same  observatidns  drawn  to  a  latrger  scbfe-  in  order*  to 
^ow  the  numeroos  fine  absorption  lines  which  oceur  in  the  rcgioti 
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Fio.  6.—^  9mS'Ai,  ctUnMd;  B,'  pyraUn;  C,  vucoloid 

of  3.3  to  2.6  fi.  Curve  B  gives  the  transmission  of  pyralin  and 
curve  C  that  of  viscoloid. 

The  data  show  that  the  traiumission  of  all  three  kinds  of  the 
colorless  material  is  high,  being  80  to  85  per  cent*  in  the  viAhkt 
and  in  the  infra-red  to  3^1.  Beyond  this  point  they  ase  very 
opaque  to' infra-red  rays. 

Similar  data  on  celluloid  '*  and  on  coUodium  "  were  published 
by  the  writer  some  years  ago  when  it  was  shown  that  these  prod- 
ucts of  nitrocellulose  have  numerous  absorption  bands  in  the 
spectral  region  extending  from  3  to  15^1,  which  was  the  extent 
Of  the  spectrum  examined. 

"Cdluloid  from  The  CcUuloid  Co.,  Ncv  York  City:  pynUnlnuB  fi.  I.  du  Pint  de  Ncdoon  (k  Co.. 
:  uid  vbcoloid  [nn  The  \%coUHd  Co.,  LcomfaiMci.  XiK 

,  p.  6a,  Camtslf  Institution  otWuh,:  19116. 
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In  the  ultra-violet  these  samples  show  conndenible  absorp- 
tion  at  0.365^  and  axe  opaque  to  radiations  of  wave  kngtlis  less 
than  0.3M. 

Judging  from  tlie  behavior  oi  other  substances,  the  opacity  of 
samples  of  celluloid,  etc.,  iriiich  become  discolored,  is  increased 
in  the  violet  and  ultra-violet,  but  not  in  the  infracted. 

Seienile.—lhc  spectral  transmisaons  of  various  thicknesses  of 
selemte,  CaS0,  +  2H,0  are  given  in  Fig.  7.  For  curve  A,  the 
thickness  t'^'O.ii  mm.;  for  curve  B,  t'^x.io  mm;  and  for  curve 
C,  ^«  9.32  mm.     The  data  were  obtained  in  order  to  supplement 


Flo.  j.—Stlmiit;  Ottdmvt,  A^o.ii  ••«, 


l,C-p.J2»i 


previous  investigations  of  substances  containing  water  of  crys- 
tallization.'* In  the  present  woik  the  jn'eviously  observed  asym- 
metrical absorption  band  at  2.5  to  3m  is  resolved  into  several 
distinct  abso^tion  bands.  Considered  in  ctmnectiDn  with  the 
previous  observations  it  appean  that  all  these  dssorption  bands 
are  caused  by  water. 

Parian  OiL — ^The  material  eosamitted  was  a  colorless  Uqiud 
petrolatum  (liquid  paraffin)  of  American  origin  and  great  purity, 
used  for  medicinal  purposes. 

The  second  sample  was  a  petroleum  distillate  (paraffin  base) 
having  a  light  brown  color  and  a  boiling  point  of  272  to  2  74°C 
at  2  mm  pressure. 

»  B.  S.  BoD..  1,  p.  ijf,  i»ii. 


Di3,i«db,Google 


cMttn  Transmission  of  Various  Substances  275 

The  spectral  transtnisstons  of  these  two  samples  were  found  to 
be  identical.  Hie  observations  for  i  cm  layer  iare  illustrated  in 
curve  C  (rf  FJg.  8. 

Tliere  are  two  sharp  absorption  bands,  with  maxima  at  z.a  and 
X.42M,  respectively,  which  are  so  close  to  similar  absorptton  bands 
in  olive  oil,  etc.  (Figs,  i  to  3),  tiiat  it  would  be  difficult  to  distin- 
guish adulteiBtioa  by  spectroa'adiometric  tests. 

Ben3(^.~~TbB  spectral  txansmissian  of  a  i  cm  layer  of  benzol, 
C«H„  is  given  in  curve  A,  Pig.  8.  The  data  are  of  interest  in 
connection  with  a  pttvioos  examination  **  of  a  thmner  layer  of 


A«.  i.-~A,  bmatli  B,UuUU:.C,  «dMml  »il,  pam/t^bmi 

this  material  whidi  permitted  an  exploration  of  the  bands  at 
2.18  and  2.49^;  using  a  quartz  prisQi.  The  i  cm  layer  is  opaque 
to  radiations  of  wave  lengths  greater  than  2.5/1. '  It  is  useful  in 
locating  absorption  bands  at  1.14  and  1.41;!  (complex)  which  are 
barely  perceptible  in  a  thin  layer  of  this  material. 

Bakelite. — ^This  is  a  condensation  product  of  formaldehyde  and 
phenol.  It  was  obtained  as  a  varnish  dissolved  in  acetone.  A 
layer  0.04  mm  m  thickness  was  motmted  upon  a  tl"'"  piece  of 
glass  and  baked  to  remove  the  solvent".  It  has  a  high  absorp- 
tivity in  the  ultra-violet  but,  as  shown  in  curve  B,  Fig.  8,  shows 
DO  maiked  absorption  bands  (to  3^)  in  the  infra-red,  when  used 
in  a  thin  layer  as  just  described. 

"Fnb.No.M.pp.  j5-f<.CarBt^lB«itiitlDaii(Warii.i  1901. 
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APPKHZtlZ.— COHCEUnnO  TBB  ACCOKACT  Or  FSBTI0D8 
OBSBRVATIOHS  CTSINO  A  ROCK-SALT  MUSH 

In  1903  to  1905  the  writer  detemuned  the-  tofra-red  trans- 
missmn  <A  various  substances  using  a  rock-salt  prism.  At  that 
time '  the  itispersian  of  rock  salt  was  not  accurately  known.  In 
the  regicti  of  3J11  there  -was  considerable  disagreement  in  the  refrac- 
tive indices  as  determined  by  various  observen,  and  the  writer 
Used  a.^ootb.  curve  drawn  through  the  various  determinations." 
-:.In  lie  meantime  a  new  detenninatiMi '»  wais  inade  of  the 
refractive  indices  of  rock  salt,  end  recently  a  study  was  made 
of  all  tihe  data,  available."  It  was.thgr^Qre  4^emed  desit^ble  to 
recalculate  the  calibration  curve  pf  rock  salt" and  compare  it  with 
th^  one  used  in  the  inwstigatfons  6f~i'903  and  "1905.  '  The  differ- 
ende  in  the  calibration  curve  then  used  and  t^e  "correct  cMrve  is 


Fio.  9.— Wow  Un^lh  corueHons  to  maxima  of^biorpHon  bands  publisktd  iA  jgo; 


illustrated  in  Fig.  9  from  which  it  may  be  observed  that  in  the 
region  of  3  to  4/1  the  published .  maxima  of  absorption .  bands 
shoirid  pei^ps  be  increased  by  0.01  tor  o.oiit.  At  7  to  loj*  the 
published  tiwprini(|  should  be  decreased  by  0.01^.  These  correc- 
tions are  so  small  that  they  appear  to  be  negligible  in  comparison 
with  the  errors  of  observation  resulting  from  changes  in  tempera- 
ture of  the  prism  and  the  small  dispersion  used.     . 

That  these  data  are  free  from  large  systematic  errors  is  indi- 
cated by  comparison  with  similar  observations  using  a  fluorite 
inism  which  has  almost  three  times  the  dispersion  of  rock  salt  in 
the  spectral  region  from  3  to  8>t.  For  example,  the  maxima  (rf 
characteristic  absorption  bands  at  3.43  and  6.86^,  first  observed 
with  the  rock-salt  prism,  in  substances  containing  CH,  and  CH, 
groups,  are  in  good  agreement  with  similar  maxima  subsequentiy 
observed  with  a  fluorite  prism. 

Washington,  April  i,  1921. 

■'Pab.Nau,Cara(«icImUMtiono(WiA.l  i9e|  Onrod^tlaa c< Iite-nd  tkwtn,  p.  ii*). 
■'PaKben,  Ann.  dcr  Phyi.,  4,  piL  ite«Dd  ii»9:  'Vt. 
■•  B.  5.  Sd.  Pwxn.  I*,  p.  fci;  i9»>. 
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THE  PRODUCTION  OF  U(?JID  AIR  ON  A  LABORATOiy 
SCALE 

By  J.  W.  Cool 


ABSTRACT 

the  fWrtwJa  <^  a  {riant  produdnf  liquid  air  by  tbe  HampflOB  proccn  are  the  com- 
prcsso',  purifying  train,  and  lique£er.  The  compreaor,  usually  of  fonr  stagea.  de- 
Ilven  rir  at  nmni  temperatttre  and  appraximately  3000  pounds  per  iquara  ladL 
i^^j^nmiiF.Tf  ii  atrj,Mitjijigtr^it<m^i^rj  K^jt  «  fnp  far  Tocetnag  oil  and  watv, 
and  leoosid,  aultable  containcfs  charged  with  rh^tntrgt  reagents,  such  as  sodium 
hydroxide,  calciuni  chloride,  or  lime,  for  removing  carbon  dioxide  and  water  vapor, 
mie  air  tlins  compressed  and  ptnified  is  deliTcred  to  the  liqnefier,  in  which,  after 
passing  throng  a  coil  <rf  copper  tubing,  the  air  is  allowed  to  expand  freely  to  ^ipCDxi' 
raatcly'  atmosidwric  pressure.  Where  this  dnqi  in  pressure  takes  place  there  is  a 
Dormponding  drop  in  the  temperstuie  of  tbe  air.  Ttx  expanded  air  ^cfere  leaving 
the  liquefier  is  caused  to  circulate  around  the  copper  coil  which  contains  the  com- 
pressed air,  tbns  cooling  the  coil  and  in  tnm  tiie  compressed  air,  sothatonoantinaow 
ofmtiim  a  cycle  of  progressive  cooling  is  maintained  until  the  tempemtnic  ulti- 
mately reaches  the  liquefying  point.  The  liquefier  is  so  constructed  that  the  air 
which  is  condensed  to  liquid  is  delrrered  into  a  receiving  vessel.  The  gaseous  aif 
ediausted  from  tbe  liquefier  is  returned  to  the  intake  of  the  oompreanr  lor  succeeding 
e3nlea  becanse  it  has  been  purified  and  wbea  naed  repeatedly  will  be  less  ezbansting 
OD  the  purifying  reagents. 

COITTBITTS 


II.  Construction  of  liquefiers 

ni.  Purification  of  air 

rV.  DescriptionefBtireait  plant. .. 


I.  INTRODUCTION 

The  following  is  a  brief  account  of  the  liquefaction  of  air  on  a 
laboratory  scale  by  the  Hampson  process  and  a  description  of  tbe 
apparatus,  now  used  at  the  Bureau  of  Standards.  It  is  not  the 
piurpose  of  this  paper  to  enter  into  the  theory  of  the  Hampson 
liquefier,  vihich.  has  been  treated  elsewhere,  nxx  to  furnish  a  workr 
ing  drawing  whereby  the  apparatus  may  be  duplicated,  because 
details  and  methods  of  mechanical  construction  are  rarely  dupli- 
cated exactly  by  different  constructors.  It  is  the  purpose  to 
show  the  general  methods  of  construction  which  will  serve  as  a 
guide  for  others  working  along  similar  lines. 
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It  is  well  to  call  attention  to  the  fact  that  the  total  cold  available 
is  determined  by  the  initial  temperature  and  pressure  of  the  air  at 
the  point  where  it  enters  the  regenerator  and  the  exhaust 
jnessure,  which  in  practice  is  one  atmosfdiere.  It  is  independent 
df  the  internal  construction  or  arrangement  of  the  liqiiefler,  of  the 
material  used  in  its  construction,  of  the  distribution  of  tem- 
perature in  the  regenerator  coil,  and  of  all  other  circumstances 
Whatever,  provided  that  the  kinetic  energies  of  the  feed  and  the 
fxhaust  are  negligible.  This  cold  is  used  in  the  following  three 
ways;  (o)  To  offset  the  heat  that  leaks  into  the  Uquefier  from 
outside,  either  through  the  insulation  or  along  the  metallic  com- 
ponent parts  of  the  Uquefier;  (b)  to  cool  the  whole  quantity 
al  gas  from  its  initial  temperature  to  tfee  slightly  lower  exbattct 
tenperature;  (c)  to  cool  a  fraction  of  the  air  from  this  exhaust 
temperature  to  the  normal  boiling  point  and  then  condense  it  into 
liqiud.' 

From  these  facts  it  is  evident  that  to  obtain  Hie  maxunmn 
amount  of  Hquid  air  with  a  given  expenditure  of  power  a  Hamp^pn 
Uquefier  must  be  so  constructed  liiat  the  factors  (a)  and  (6)  an 
lEcpt  as  small  as  possible.  This  results  in  a  compromise,  howewr, 
for  by  increasing  the  size  of  the  regenerator  indefinitely,  which 
would  make  (6)  negligible  by  eidiausting  at  practically  the  initial 
temperature,  the  size  of  the  Hquefier,  over  all,  is  necessarily 
increased,  thereby  increasing  (a)  the  heat  leak.  It  is  therefore 
apparent  that,  to  be  efficient,  a  Uquefier  should  be  as  smaU,  over 
all,  as  wiU  exhaust  air  at  a  temperature  just  slightly  below  the 
initial  temperature,  which  may  be  about  room  temperature  or 
may  be  considerably  lower  if  a  precooler  is  used.  The  size  of  tlia 
regenerator  coil  required  would  be  determined  chiefiy  by  the 
capacity  of  the  compressor  furnishing  the  air  and  by  the  tem- 
perature of  the  air  entering  the  r^enerattn-.  Obviously,  if  a 
precooler  us  used,  the  size  of  the  regenerator  may  be  decreased. 

In  the  foregoing  discussion  it  has  been  assumed  that  the  Uquefier 
has  been  in  operation  long  enough  for  complete  thermal  eqiaUbrium 
to  have  been  reached.  Under  these  conditions  the  actual  heat 
capacity  would  not  be  a  factor.  If  a  Uquefier  is  to  be  run  only 
intermittently  fdr  the  production  of  small  amotmts  of  Uquid  at  a 
time,  the  heat  capadiy  of'  the  Uquefier  wiB  be  an  appreciable 
factor,  influencing  the  length  of  time  required  to  coot  down  the 
Uqu^er  when  starting,  and  effectiveness  of  heat  interdtange  can 
be  advantageously  sacrificed  in  order  to  reduce  the  heat  capacity. 

I  ButUnitauB,  B.  a.  BnU.  •,  p.  t>5:  i«a»  (Sd.  FapM  Ho.  iis). 
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n.  CONSTRUCTION  OF  LIQUEFIERS 

In  the  liquefiers  constructed  at  the  Bureau  the  regenerator  coil 
is  a  copper  tube  {aa',  Fig.  i)  wound,  starting  at  the  top  of  the 
liquefier,  in  a  spiral  from  outside  to  center  for  the  first  layer,  then 
from  center  to  the  outside  fco"  the  next  layer,  and  so  on  down  the 
liquefier,  without  multiplicity  of  tubes  and  without  retracing  in 
the  reverse  direction  from  bottom  to  top.'  Thus,  all  the  incom- 
ing air  must  pass  through  the  entire  length  of  the  regenerator. 
Fig.  2  is  a  photogT^lfw  of  a  section  of  a  regenerator  in  the  course 
of  ccmstruction.  The  spiral  is  wound  on  the  brass  forms  shown 
in  Fig.  2 ;  the  core  is  then  slipped  out  of  one  of  the  forms  to  permit 
removing  the  two  halves  of  this  form  from  the  coil.  The  form  is 
then  replaced  on  the  core  from  the  other  end  and  the  winding  con- 
tinued, the  process  being  repeated  until  the  entire  length  of  a 
tube,  usuallyabout  35  feet,  has  been  wound.  The  several  coils 
are  then  pressed  down  into  a  series  of  nearly  flat  spirals,  and  as 
many  sections  as  are  required  for  the  regenerator  are  joined  with 
sDver  solder.  It  is  more  convenient  to  make  the  joints  at  the 
outermost  turn  of  the  spiral.  The  complete  regenerator  coil  is 
then  mounted  permanently  on  a  German-silver  tube  just  strong 
enough  to  serve  as  a  core  and  support  the  apparatus. 

In  winding  the  copper  tubing  it  sometimes  has  a  tendency  to 
c»llapse  or  flatten.  To  prevent  this  it  is  convenient  to  fill  a 
kngtii  of  tlie  tube  with  water  and,  with  a  hydraulic  pump,  main- 
tain during  the  windiag  a  constant  hydrostatic  pressure  on  the 
tube  equal  to  the  pressure  at  whidi  the  liquefier  will  be  operated 
with  air,  usually  3000  pounds  per  square  inch.  If  this  process 
does  not  suffice,  the  tube  may  be  filled  with  water,  then  frozen  in 
a  bath  of  brine  and  ice,  and  wound  while  the  water  in  the  tube  is 
frozen.*  Annealed  copp^  tutung  will  not  burst  on  having  water 
frozen  once  within  it,  and  if  winding  is  done  before  the  ice  has  had 
time  to  melt  a  very  true  coil  of  small  diameter  may  be  made. 
Either  of  the  above  methods  has  the  advantage  that  emptying  and 
cleaning  the  tube  are  accomplished  without  difficulty,  which  is 
not  the  case  if  lead,  rosin,  etc.,  are  used  in  a  tube  of  this  length.  It 
is  advisable  to  test  the  copper  tubing  before  winding  tmder  suffi- 
cient hydraulic  pressure  to  assure  a  reasonable  factor  of  safety, 
and  to  test  the  completed  regenerator  at  a  lower  pressure,  but  still 
somewhat  higher  than  the  normal  wOTking  pressure. 

Plate  U.  alta  No.  logi.  1909. 
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At  the  lower  end  of  the  core  is  soldered  the  expansion  valve 
(A,  Fig.  i),  and  at  the  lower  end  of  this  is  silver  soldered  the 
end  of  the  regenerator  coil.  Fig.  3  is  a  drawing  of  this  expansion 
valve  in  detail,  it  being  a  needle  valve  of  simple  coostructifm.  A 
brass  body  and  phc^phor-hrooze  or  gun-metal  needle  work  well. 
The  expansion  valve  is  opemted  from  above  the  top  by  means  of 
the  valve  stem  (£),  which  is  a  German-silver  tube  extending  up 
the  core  and  throujj^  a  stuffing  box  (Q,  which  holds  the  back 
pressure  only.  Any  other  type  of  valve  that  can  be  operated 
conveniently  may  be  used,  however,  and  even  a  fixed -orifice,  in 
the  form  of  a  few  feet  of  copper  cai»llary  tube,  has  served  in 
place  of  an  expansion  valve  with  fair  success.  It  should  be  noted 
that  the  lique^er  which  was  equif^ied  with  the  capUlary  tube  in 
place  of  an  expansion  valve  did  not  permit  of  adjustment  to  accom- 
modate variations  in  the  ^leed  of  the  compressor  and  also  gave 
considerably  more  trouble  by  freezing  and  clogging,  which  will  be 
discussed  later. 

A  sheet-metal  cylinder  {D,  Ftg.  i)  of  thin  German  silver  is  made 
to  fit  tightly  around  the  regenerator,  open  freely  at  the  top  to 
exhaust  the  gaseous  air,  and  open  through  a  small  hole  at  the  bot- 
tom to  allow  the  liquid  air  to  run  out. 

It  is  desirable  to  mount  the  complete  Uquefier  in  a  suitable  Dewar 
vessel  (£)  having  an  outlet  at  the  bottom.  However,  very  satis- 
factory results  have  been  obtained  by  using  3  to  4  inches  of 
"  fine  regranulated  cork  "  instead  of  a  Dewar  vessel.  Fine  regranu- 
lated  cork  is  made  commercially  by  grinding  trimmings  horn  cork 
board. 

To  work  efficiently,  th.e  liquefier  should  discharge  air  in  the 
liquid  state  from  the  bottom  of  the  sheet-metal  cylinder  men- 
tioned above,  and  all  of  the  cold  vapor  should  be  forced  up  over 
the  regenerator  cxal  and  out  at  the  top.  To  accomplish  this 
either  a  fixed,  an  adjustable,  or  an  automatic  outlet  valve  must  be 
arranged  at  the  bottom.  A  fixed  opting  naturally  works  with 
least  efficiency,  because  some  cold  vapor  escapes  with  the  liquid 
and  is  a  direct  loss.  An  adjustable  opening  requires  attention 
wbik  running.  An  automatic  float  valve  (F)  can  be  made  to  give 
high  efficiency  and  very  satisfactory  service,  but  care  must  be 
taken  io  its  design.  It  has  been  found  that  the  violent  turbulence 
of  the  air  around  the  expansion  valve  and  in  the  vicinity  of  the 
float  (H)  may  lift  the  float  against  gravity,  hold  the  valve  open, 
and  prevent  its  operation.  It  is  therefore  necessary  to  install 
baffles  to  screen  the  float.     No  entirely  satisfactory  arrangement 
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of  baffles  has  been  found,  although  several  layers  of  fine  copper 
gauze  around  the  expansion  valve  serve  fairly  well.  It  is  also  neces- 
sary to  remove  moisture  wWch  will  collect  at  the  float  valve  when 
the  liquefier  is  not  in  use  and  which  would  freeze  if  not  removed 
when  the  apparatus  was  put  into  operation.  If  some  mJchanieal 
means  iff)  is  provided  whereby  the  float  valve  can  be  lifted  and 
held  open  while  dry  air  is  drculated  through  the  liquefier  just  be- 
fore starting  a  rtm,  all  moisture  can  thus  be  removed  and  the 
float  mechanism  will  be  free  to  open  and  dose  automatically. 
Ko  ferrous  metal  should  be  inc<H-porated  m  this  part  of  the  lique- 
fier, as  rusting  would  subsequently  cause  trouble. 

When  the  liquid-air  ^ant  is  in  operation,  tiie  air  after  com- 
pression is  cooled  witii  running  water  to  approximately  20°  C. 
Since  the  Joule-Thomsoa  effect  is  greater  at  lower  temperatures, 
it  is  vmy  desirable  to  further  cool  the  air  before  it  reaches  tiie 
liquefier,  which  is  done  by  immersing  a  line  of  copper  tubing  in  a 
timk  containing  ice  and  salt.  Should  a  refrigerating  plant  pro- 
ducing a  still  lower  temperature  be  available — using,  for  example, 
ammonia  or  carbon  dioxide — a  precooler  should  be  included  in 
the  liquefier  above  the  regenerator  coil. 

lU.  PURIFICATION  OF  AIR 

It  is  also  necessary  that  some  means  be  provided  for  purifying 
the  air  by  removing  the  water  vapor  and  carbon  dioxide.  Most 
of  the  water  vapor  is  condensed  during  compression,  and  a  trap 
is  located  to  catch  this  water,  which  can  be  drawn  off  at  intervals, 
together  with  the  oil  used  for  lubrication  in  the  compressor.  The 
air  is  subsequently  passed  through  a  container,  where  it  bubbles 
through  a  solution  of  sodium  hydroxide,  which  removes  carbon 
dioxide,  and  then  passes  over  calcium  chloride,  which  removes 
water  vapor.  TTiis  method  is  very  effective,  delivering  air  whidi 
is  purer  than  is  actually  needed  for  normal  conditions  of  liquefac- 
tion by  the  Hampson  process.*  Calcium  hydroxide  in  water 
(milk  of  lime)  may  be  used  to  remove  carbon  dioxide,  and  calcium 
oxide  (quicklime)  may  be  used  to  remove  water  vapor,  if  pre- 
ferred.  If  only  one  purifier  is  available,  it  can  be  used  witii  dry 
sodium  hydroxide  in  the  lump  or  stick  form,  as  this  reacts  with 
botii  carbon  dioxide  and  water  vapor. 

'The  CBMipwWMl-dr  Dlut  U  the  Bumu  o(  SUndudj  ii  alio  mtd  lor  KfriaemtlDa  low-^aanentun 
atoilBH«en,  vtwre  ■  lUady  ftuw  of  lir.  wiUttnlt  '^"W™f,  am  be 
TUi  woA  dasuila  tkat  ■  Idslur  dtgne  ol  nUlMr  be  aMaftwl 
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These  purifiers  axe  one  of  the  chief  sources  of  danger  in  a  {dsat 
d  this  Idnd,  as  they  contain  oomparatiTcly  large  volumes  of  air 
under  h^  presaire.  They  should,  therefore,  be  deaigbed  with  a 
c(msidet«fale  factor  of  safety  and  should  be  tested  undet  hydraulic 
pressure  considerably  in  excess  oi  the  wcxJdi^  pressure.  Bat^ 
stage  of  the  comptessor  s  ecfoipped  with  a  qxfing  s^ty  valve, 
the  one  on  the  la^  stage  also  aerving  as  the  safety  valve  whidi 
protects  the  liquefier  and  purififlFs  as  well  as  the  compressor. 
It  is  suggested  that  a  check  valve,  resemUiog  the  oittlet  valve  of 
tbe  last  stage  of  the  compressM:,  be  placed  in  the  air  lioe  between 
tjke  first  purifier  and  the  h^^presBure  stifety  valve  on  the  com- 
pressor to  prevoit  a  possible  back  flow  of  air  in  case  of  accident 
to  this  safety  valve-  or  to  the  compressor  outlet  valve  and  the 
gasket  under  the  lu^-prcssuce  cylinder  head.  If  they  should 
give  «^  while  pressure  is  on,  any  solution  in  the  purifier  would  be 
atotnixed  into  the  laboratory  thnmgh  the  rupture  imkss  such  a 
check  valve  is  provided. 

A  purifier  for  removbig  carina  dioxide  may  be  plaeed  in  the 
intake  line  to  the  compressor,  but  as  the  volume  of  the  air  in  the 
intalce  line  is  much  greater  than  that  in  the  high-pressure  line 
more  surface  of  the  reagent  must  be  expoasd.  When  a  purifier 
ol  proper  size  is  ^eced  in  the  intake  Une,  it  is  effective  for  remov- 
ii^;  carbon  dicudde,  but  very  unsuitable  for  removing  water  vapor, 
because  much  water  can  be  removed  during  ccHupression,  as 
mentxmed  above.  Should  any  purifier  be  placed  in  the  intake 
line,  care  must  be  taken  to  thoroughly  filter  the  air  before  allow- 
ing it  to  enter  the  compressor,  otherwise  particles  of  the  reagent 
used  will  be  carried  by  the  current  of  air  into  the  valves  of  the 
cempressor,  eventually  causit^  trouble.  It  is  deairahle,  if  fea^ble, 
to  delives-  to  the  intake  of  the  compressor  the  exhaust  air  from 
the  liqitefier,  because  this  air,  having  pasaed  through  the  purifiers, 
has  had  most  of  the  water  and  caiixm  dioxide  removed. 

When  starting  a  Hampson  Uquid-air  plant  after  pressure  has 
been  built  up  but  before  any  liquid  has  been  produced,  there  wiU 
be  a  very  definite  rate  of  flow  of  air  through  the  E^^iazatus,  If 
the  Hquid-air  outlet  valine  is  closed  before  any  liquid  has  been 
produced  and  the  hi^-preaeure  gauge  is  watdbed  dosdy,  it  wiU 
be  observed  that  there  is  a  definite  time  at  which  the  prcsswe 
drops,  indicating  that  the  lax  flow  has  sUi^tly  mcreased.  This 
corresponds  with  the  first  prodMctaoa  of  liquid.  The  mass  rate 
ni  flow  of  partially  liquefied  air  is  probabAy  greater  than  that  vi 
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gaseous  air  under  the  same  conditioiis,  owing  to  the  greater 
density  of  Uquid  air.  This  greater  density,  however,  is  acoom- 
panied  by  lower  velocity  of  flow,  which  favois  the  deposition  of 
ice  or  sdid  carbon  dioxide  at  the  point  in  the  expansion  valve 
or  its  vidmty  at  whidi  liquefaction  occurs,  resulting  in  partial 
or  comfdete  clogging.  To  remove  the  obstruction,  it  is  necessary 
to  temporarily  change  the  point  where  liquefaction  is  taking  {dace 
to  a  point  farther  on  in  the  air  current,  thereby  increasing  the 
velocity  at  the  point  where  doffing  occurred  and  sweeping  the 
obstruction  from  its  point  of  lodgment.  This  can  be  accomplished 
by  momentarily  opening  the  expansion  valve  a  little  and  then 
reclosing  it  to  its  {xoper  position.  If  the  expan^on  valve  is 
frozen  in  place  and  can  not  be  moved,  the  same  effect  may  be  ob- 
tained by  allowing  some  of  the  expanded  air  to  escape  directly 
out  of  the  bottom  of  the  apparatus  (through  the  liquid-air  outlet 
vahre),  thereby  raising  the  temperature  of  the  air  in  the  expansioo 
valve  slightly.  This  causes  a  temporary  vaporization  and  a  conse- 
quent increase  in  velocity  triiidt  will  clear  the  valve  of  the  ac- 
cumulation of  snow. 

The  difBculty  just  descnbed  does  not  otdinarily  occur  when  the 
purifying  train  is  ia  proper  worlctng  otder,  because  slight  impuri- 
ties will  pass  through  the  Uquefier  without  causing  obstructioa 
and  will  be  collected  with  the  liquid  afr.  Pure  liquid  air  is  clear 
and  transparent,  but  when  a  very  noticeable  white  precipitate  is 
observed  it  may  be  taken  as  an  indication  that  the  reagents  are 
exhausted  and  need  to  be  replaced. 

IV.  DESCRIPTION  OF  BUREAU  PLANT 

The  following  brief  spedfications  give  a  general  idea  of  the  size 
and  output  of  the  Bureau  of  Standards  liquid-air  plant.  The 
fbiu'-stage  compressor,  driven  by  a  35-hor9epower  direct  coupled 
steam  engine,  has  a  rated  capacity  of  75  cubic  feet  of  free  air  per 
minute.  Hie  ctrntaiotf  fen*  the  sodium  hydroxide  solution  used 
for  removing  the  carbon  dioxide  is  8  feet  long  and  ^yi  inches  in 
inside  diameter  and  is  i^bced  in  a  vertical  position,  the  air  entering 
at  the  bottom  and  bubbling  up  throu^  the  solution.  This  con- 
tainer is  nearly  filled  with  pieces  of  broken  marble,  which  cause 
better  contact  of  the  aib*  with  the  solution  and  also  prevent  the 
carrying  over  of  spray.  About  i  gallon  of  a  35  per  cent  solution 
is  used,  which  half  fills  the  container.  The  fiang^  ends  are  bolted 
on,  compiessing  a  red  fiber  ring,  which  seals  air-tight.    Three 
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calcoim  chloride  purifiers,  eadi  3  feet  hmg  and  2  inches  in  inside 
diameter,  are  used  in  series  for  removing  water  vapor.  They  are 
placed  in  a  vertical  positicui,  and  the  air  enters  each  suocessivety 
from  the  bottom.  A  drain  is  located  at  the  bottom  of  each  ti^ 
for  drawinj^  off  the  calcium  chloride  solution  which  is  formed 
during  use.  About  5  pounds  of  lump  anhydrous  calcium  chloride 
are  used  to  fill  the  three  purifiers,  and  when  replenishment  is  neces- 
sary only  the  first  purifier  in  the  series  is  removed  and  refilled. 
This  refilled  purifier  is  then  replaced  as  the  third  one  in  the  series, 
thus  economizing  on  the  reagent.  All  the  purifiers  are  of  seamless 
steel  tubing.  (Connections  to  the  purifiers  are  made  by  means  of 
ball-and-socket  unions  of  the  type  used  oti  high-pressure  gas 
cylinders. 

The  compressed  air  after  being  purified  at  ordinary  temperature 
is  cooled  to  about  o"  C  by  a  diculation  of  calcium  chloride  brine 
(cooled  by  an  ammonia  plant)  and  then  to  &om  —  20  to  —35**  C 
by  a  CO,  cycle. 

The  regenemtor  coil  cmisists  of  about  200  feet  of  copper  tubing 
of  -^  indi  outside  diameter  and  0.035-inch  wall,  mounted  on  a 
^-inch  core.  Hiis  coil  when  moimted  is  about  1 8  inches  long  and 
3  inches  in  outside  diameter  and  is  completely  jacketed  by  a  glass 
Dewar  vessel.  An  automatic  fioat  delivery  valve  is  installed  with 
mechanical  adjustment  for  holding  it  open  when  desired.  When 
working  at  full  capacity,  the  plant  produces  3  gallons  of  liquid  air 
per  hour.  The  general  operation  of  the  plant  indicates  that  the 
above  proportions  are  approximately  conect. 

Fig.  4  shows  the  construction  of  a  very  serviceable  needle  valve, 
which  will  be  convenient  in  a  laboratory  where  high-pressure  air 
lines  are  desired  for  various  purposes  or  where  there  is  more  than 
one  liquefier  available.  This  type  of  valve  has  been  used  at  the 
Bureau  of  Standards  for  many  years,  but  the  origin  of  its  design 
is  not  known.  The  body  is  usually  of  brass  and  the  needle  of 
steel,  but  where  there  is  a  possibility  of  the  presence  of  moisture 
phosphor  bronze  is  recommended  in  place  of  steel.  The  high- 
pressure  lines  are  connected  to  the  valve  by  means  of  unions,  one 
of  which  is  represented.  A  thin  gasket  of  pressboard  is  placed 
between  the  flat  faces  (a)  and  {b)  and  compressed  air-tight  by  Hie 
nut  (c) .     The  copper  line  is  joined  with  silver  solder  at  (d) . 

Acknowledgments. — Many  of  the  features  described  are  similar 
to  those  of  other  commercial  liquid  air  plants.  The  development 
of  the  liquid-air  plant  at  the  Bureau  of  Standards  is  due  largely 
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V.  SUMMARY 

The  design  and  construction  of  laboratory  apparatus  for  lique- 
fying air  by  the  Hampson  process  are  described.  Brief  descrip- 
tions of  necessary  or  useful  accessories,  such  as  purifiers  for  the 
air,  precoolers,  and  a  high-pressure  needle  valve,  are  included. 

Washington,  May  11,  1920. 
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SPECIFIC  VOLUME  OF  UQUID  AMMONIA 

By  C.  S.  Cngoe  and  D.  R.  Haiper  3d 


Tbe  qiecific  'volnmc — that  is,  the  numerical  redpnical  of  density-^of  pun  liquid 
antmonia  undef  the  pirseuxK  comspondrnj;  to  saturation  condltioiis  was  detutnined 
thtmiglKMit  tht  t^MipNttute  Ifiterral  -  78  to  +  nw°  C,  irith  an  accuracy  ol  about  I  p'tt 
ha  10  eoo.  A  conqmhtiiaive  review  of  previous  wqrk  is  included-  Tablet  of  (tnoi^ 
volume  and  densi^  in  both  metric  and  English  uni^  are  appended. 
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L  IHTRODOCnOIf 

The  extensiTe  use  of  ammonia  in  the  refrigefsting  indnstiles 
lends  commercial  impcHlance  as  well  as  scientific  interest  to  the 
aocimte  meas««ment  t4  its  i^iydcid  properties.  Among  the 
prepei'ries  lAAii  are  necessary  to  the  preparation  of  engineetii^ 
taUes  ior  this  indnstry  is  the  specific  volume,  Aamely  the  volume 
occulted  by  tinit  mass,  or  the  numerical  reciprocal  oJP  density.  ~ ' 

Direct  measurements  of  this  property  (rf  the  vapor  under  satura- 
tion con^tioiu  were  undertaken  at  this  Bureau  some  time  ^o. 
The  method  employed  in  these  measturements  (which  will  be  pub- 
lished later)  required  an  accurate  knowtedge  of  the  specific  volume 

•St 


Digitized  byGoOgle 


288  Scientific  Papers  of  the  Bureau  of  Standards  ivun 

of  the  saturated  liquid;  that  is,  under  the  pressure  corresponding 
to  saturation  contUtions.  It  was  to  meet  this  requirement  that 
the  measurements  here  presented  were  made.  They  serve  also 
as  a  convenient  means  of  the  several  samples  of  ammonia  piuified 
by  somewhat  diflEerent  methods  and  used  in  the  detenninationa 
(rf  the  various  thermodynamic  properties  of  ammonia.* 

n.  PRSVIOUS  HEASURBHBNTS 

Hie  earliest  measuretoents  were  made  with  apparatus  that  did 
not  lend  itself  to  ftxdwm  work,  and  also  under  vezy  unfavorable 
oonditaons,  so  that  no  great  significance  is  to  be  attached  to  the 
results.  They  have  historic  interest,  in  common  with  pioneer 
measurements  of  any  kind,  and  are  accordingly  summarized  in 
Table  i,  but  do  not  merit  individual  detailed  discusaon.  For 
comparison,  the  authors'  results  are  included  in  the  last  cokunn. 
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manometer  chacgin^  its  rate  of  rise  from  that  coirespondiiiff  to 
increase  of  vapor  pressure  to  that  corresponding  to  the  expansion 
of  the  liquid.  The  temperature  was  then  noted,  the  outlet  valve 
(rf  the  bomb  closed  so  as  to  entrap  a  definite  volume  of  ammonia, 
and  the  temp^ature  at  t«ice  lowered  to  prevent  bursting.  Neces- 
sary weighings  and  volumetric  calibrations  supplied  the  data  for 
the  density.  An  efftat  was  made  to  exclude  errors  due  to  air. 
For  temperatures  below  that  of  the  weighing  room,  a  modification 
of  the  above  method  was  made  by  introducing  a  series  of  overflow 
or  spill  bombs.  The  principles  were  not  altered,  only  a  consider- 
able increase  made  in  the  number  of  necessary  weighings.  The 
series  of  determinations,  made  with  a  bomb  of  about  1.17  liters 
capacity,  is  given  in  Table  2. 

TABU  2. 


-as. 
-n.a.. 

t... 
+  «.... 

+  7.I., 
+M.T.. 

4-n.i.. 
■fa.*. 

+m.4.. 


1.M1S 

L960I 

Lsrm 


+n.t. 

+44,7. 

+S1.S. 


c«Vf 
tnn 

L7«J 
LTUe 


Lange  computed  a  smoothed  table  of  results  from  the  above 
data.  These  are  given  in  Table  5,  and  the  percentage  deviations 
from  the  results  of  the  present  work  are  {dotted  as  a  smooth  curve 
in  Fig.  I.  The  report  of  the  work  is  comprehensive  and  offen 
fair  information  for  analysts,  but  it  has  not  seemed  pos^ble  to 
locate  a  probable  error  of  i  per  cent  throughout  the  range. 

The  measurements  by  Dieterici  and  Drewes*  were  made  in  cali- 
brated glass  containers.  The  method  employed  is  discussed 
briefly  in  the  following  sectiou.  An  accuracy  of  o.i  per  cent  is 
daitned  for  the  results,  but  the  report  is  entirely  lacking  in  those 
details  which  would  permit  an  independent  estimate  of  final  accu- 
racy, or  even  the  precision  attainable  in  the  apparatus  used.  The 
individual  observations  ^ow  an  average  devrntionbiora  the  mean 
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curve  of  about  1  part  in  1000.  The  observations  extended  from 
o  to  + 105°  C  and  are  given  in  Table  3.  Dieterid  gives  a  tabte  of 
interpolated  values  between  o  and  100°  C  which  are  shown  in 
Table  5. 
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Fitzgerald*  in  his  work  with  ammonia  solutions  made  several 
dsterminatioaB  of  the  specific  volume  of  liquid  wuDtwaa  at — 33 .5°. 
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He  obtaiiied  as  tiie  mean  of  seven  detemimations  1.4652  cm  */g^ 
which  agrees  with  the  atititors*  measurements  to  about  i  part 
in  1000. 

In  the  research  laboratOTy  of  the  Massachusetts  Institute  of 
Technology,  Eeyes  and  Brownlee*  made  a  series  of  absolute 
measurements  of  specific  volume  at  the  normal  boiling  point,  o", 
and  +35"  C,  in  a  special  picnometer,  and  a  series  of  relative 
measurements  at  higher  temperatures  in  a  calibrated  steel  pisbm 
chamber.  The  specific  volume  at  +35"  C  was  chosen  as  the 
rderence  point,  and  the  increase  in  volume  at  higher  temperatures 
was  meanued  at  pressmcs  sH^itly  greater  than  the  saturation 
pressure.  The  individu^  determinations,  made  at  about  —33.5, 
o,  35,  68,  no,  120,  and  125"  C,  are  not  recorded.  Values  are 
tabulated  at  20^  intervals  frcnn  -soto  +120°  C,  which  are  shown 
in  Table  5.  The  agreonent  with  Ihe  results  of  the  present  work 
is  remarkably  good,  as  shown  in  Fig.  i . 

Berthoud.  *  recently  published  his  restilts  on  the  specific  volume 
of  the  saturated  liquid  and  vapor  of  ammonia  at  h^h  temperatures 
obtained  in  an  attempt  to  determine  the  critical  volume.  Two 
calibrated  glass  tubes  of  different  volumes  were  immersed  in  the 
vapors  of  various  liquids  boiling  under  a  constant  pressure,  and 
the  volumes  of  the  liquid  and  vapor  were  observed  in  each  tube. 
The  temperatures  in  each  experiment  were  obtained  from  the 
vapor-pressure  ciuve  of  the  particular  liquid  employed.  No 
details  are  given  which  would  permit  an  estimate  of  the  precision 
attained.  The  results  obtained  are  reproduced  in  Table  4. 
Berthoud  plotted  the  observed  liquid  and  vapor  densities  against 
temperature  and  estimated  the  critical  density  from  the  "slightly 
curved"  rectilinear  diameter.  He  gives  no  reason  for  the  appar- 
ently arbitrary  choice  of  the  critical  temperature. 
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UL  DCSCKIPTIOn    OF    METHOD    AND    DESIGN    OF    PIC- 

NOMETERS 

The  method  employed  in  the  measurement  of  the  specific  vol- 
ume of  the  hquid  mider  saturation  pressure  was  similar  to  that 
used  by  Dieterid.'  It  consists  essentially  in  observing,  at  various 
temperatures,  the  volumes  of  the  liquid  and  vapor  phases  in  equi- 
librium in  a  closed  vessel. 

Assuming  that  the  two  phases,  liquid  and  vapor,  are  present  and 
in  equilibrium — that  is,  saturated— and  that  the  walls  of  the  ves- 
sel in  the  vapor  space  are  dry,  then  at  any  given  temperature  the 
total  mass  oi  ammonia,  M,  in  any  closed  vessel  is  given  by  the 
equation: 


M- 


(I) 


where  u  and  «' '  represent  the  specific  volume  of  the  liquid  and 
vapor,  respectively,  V  the  total  volume  of  the  vessel,  and  v  the 
volume  of  the  liquid.  In  any  experiment  under  saturation  condi- 
^ons  the  walls  of  the  vapor  space  are  very  likely  to  be  wet  with  a 
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tinn  film  of  liquid  unless  special  precautions  are  taken  to  avoid 
this.  However,  if  the  volume  of  the  i^por  space  is  smaH,  the 
mass  of  this  film  trf  liquid  mil  be  small  in  comparison  with  the 
total  mass. 

The  method  employed  by  IMeterid  was  to  fill  two  vessels  of  differ- 
ent total  volumes  with  equal  masses  of  ammonia.  Both  vessels 
vere  immersed  simultaneously  in  a  thermoregulated  bath,  and 
observations  were  taken  of  the  volume  c^  l^tud  in  e«ch  vessel. 
He  then  computed  the  ratio  of  the  specific  volumes  at  the  various 
observed  temperatures  by  the  expression : 

where  the  subscripts  refer  to  vessels  i  and  2.  With  these  values 
of  R  the  specific  volume  of  the  liquid  was  obtained  from  the 
measurements  with  the  smaller  vessel  by  means  of  the  relaticm 

V   .  V-v 
**~M'^  MR' 

and  finally  tt' from  £»—«'. 

In  the  present  investigation  the  proceduie  was  stmpUfied  some- 
what by  designing  vessels,  here  called  picnometers,  of  widely  dif- 
ferent total  volumes  and  filled  with  unequal  xusses  of  att^T*w*n«ii, 
From  equation  (i)  the  specific  volume  of  the  liquid  and  vapor  may 
be  expressed,  respectivdy,  as: 


M~- 
u 

in  which  M,  V,  and  v  are  the  measurable  quantities.     It  will  be 
noted  that  both  specific  volumes  u  and  w'  occur  in  each  equation, 

but  by  suitable  dts^^n  of  picoomcters  the  terms  — 7-  or   -nay 

be  made  small  in  comparison  with  M  such  that  they  enter  only 
as  small  coiTection  terms.  This  may.  be  accomplished  with  com- 
parative ease  in  the  determination  of  the  specific  volume  of  the 
liquid  by  designing  picnometers  of  sufficient  volume  so  that  M, 
66833"— 21 i 
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V,  and  V  are  easaiy  measurable  to  the  predsioti  desired  (about  i 

part  in  lo  ooo  in  the  present  case)  and  so  that  the  mass  of  the 

V-v 
Vapor,  — 7-1  is  not  over  o.i  per  €«nt  of  the  total  mass.     Then  by 

the  use  of  apjn-oxinifte  values  of  »'  (within  10  per  cent),  «  can  be 
determined  with  the  desired  precision. 
For  determinations  of  the  specific  volume  ci  the  vapor,  it  is 

difficult  and  incoAv«nient  to  make  the  mass  <^  the  Uquid,  -» 

small  in  comparison  with  the  total  mass,  especially  at  low  tem- 
peratures, and  it  appeared  desirable  to  determine  first  the  specific 
volumes  of  the  liquid  with  fair  precision  in  order  to  make  this 
correction  with  a  satisfactory  degree  of  certainty. 

In  a  smes  of  measurements  of  the  specific  volume  of  the  liquid, 
the  volume  of  the  liquid  in  the  picnometer  was  observed  by  read- 
ing at  various  temperatures  the  position  of  the  meniscus  upon  a 
previously  calibrated  scale.  The  temperature  of  the  thermo- 
regulated  bath  was  maintaineid  constant  to  0.01  or  0.02**  C  for 
an  interval  of  about  one-half  hour  and  readings  of  the  ammonia 
meniscus  taken  at  5-niinute  intervals.  The  effect  of  drainage  or 
evaporation  of  the  liquid  was  foimd  to  be  small,  equilibrium  being 
reached  usually  within  10  minutes.  The  total  volume  of  the  pic- 
nometer was  obtained  'from  its  calibration  at- the  highest  sc&le 
division  visible  and  adding  to  this  the  estimated  volume  of  the 
tip -formed  in  sealing  oiF.  Both  of  these  volumes  were,  of  course, 
corrected  for  temperature  and  pressure  changes.  The  total  mass 
of  ammonia  in  the  picnometer  was  a  constant  during  any  series 
of  measurements  and  was  usually  determined  afterwards  by 
weighing  the  picnometer  filled  with  ammonia,  then  breaking  the 
tip,  and  reweighing  filled  with  dry  air. 

Considerable  care  was  exercised  in  the  determination  of  the 
mass.  A  short  deep  scratch  was  made  at  the  tip  of  the  picno- 
meter with  a  diamond  or  special  glass-cutting  tool.  The  pic- 
nometer was  then  cleaned  with  chromic  acid,  water,  and  acetone, 
successively.  After  being  permitted  to  hang 'in  the  weighing 
chamber  for  nearly  an  hour,  in  order  to  come  to  temperature 
eqttilibriam,  it  was.woighied  independently  by  two  obSBTvett.  .  In 
all  of  the  weighings  a  counterpoise  of  equal  external  volume  was 
employed  and  weighings  were  made  by  substitution.  The  pic- 
nometer was  then  cooled  with  a  mixture  of  solid  carbon  dioxide 
and  gasoline,  or  with  commercial  liquid  ammonia  until  the  pres- 
sure inside  was  less  than  atmospheric  and  by  applying  a  heated 
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glass  rod  the  tip  waa  broken  carefully,  so  as  to  lose  no  gldss  by 
splintering.  The  picnometo*  was  then  evacuated  several  times,, 
filled  with  dry  air  and  weighed,  as  before,  by  two  observers. 

In  the  earlier  detemiiaations  an  attempt  was  made  to  obtain  a 
check  on  the  total  mass  of  ammonia  by  absorbing  it  in  an  evacu- 
ated flask  of  concentrated  sulphtuic  acid  of  known  weight.  For 
this  operation  a  small  steel  tube  was  inclosed  in  rubber  tubing 
connecting  the  picnometer  and  add  flask.  Just  enough  length  of 
rubber  tubing  was  used  to  furnish  the  necessary  flexibility  for 
breaking  the  tip  of  the  picnometer  with  the  steel  tube.  Consider- 
able difiSculty  was  experienced  in  getting  good,  clean  breaks. 
A  small  mercury  manometer  was  sealed  into  the  neck  of  the  acid 
flask  which  served  to  indicate  any  leakage  of  air  into  the  flask 
during  the  operation.  Prom  the  observed  increase  in  pressure, 
which  was  usually  small,  a  correction  was  applied  for  the  weight 
of  this  air  leakage.  The  results  obtained  by  this  method  were 
consistently  lower  by  about  i  or  2  mg— that  is,  about  i  part  in 
2000  of  the  total  mass — ^thaU  those  obtained  by  the  meUiod  of 
direct  weighing,  which  discrepency  was  probably  due  to  the  action 
of  the  ammonia  on  the  rubber  tubing.  No  weight  was  given  in 
the  final  results  to  the  mass  determinations  by  this  method  because 
of  the  great  uncertainty  as  to  the  action  of  the  ammonia  on  the 
rubber. 

In  the  later  determinations  the  total  mass  of  ammonia  was 
measured  before  filling  the  picnometer,  as  well  as  after  each  series 
of  measurements.  For  this  purpose  a  small  auxiliary  tube  was 
used  which  consisted  of  a  graduated  glass  tube  soldered  to  a  steel 
needle  valve  by  a  method  described  in  another  communication 
from  this  laboratory."  This  auxiliary  tube  was  evacuated  and 
weighed,  then  filled  with  approximately  the  desired  amount  of 
ammonia  and  weighed  again.  The  total  mass  determined  in  this 
manner  agreed  in  each  case,  within  better  than,  i  part  in  10  ooo- 
with  that  determined  later  by  the  direct  weighing  of  the  picnome- 
ter filled  and  empty.  A  different  balance  and  a  different  set  of 
wei^ts  were  used  for  the  two  determinations. 

nr.  aBHXKAL  DSSCRiPTIDir  OW  APPARATUS 


'  The  picnometers  used  in  these  measiu-ements  were  made  from 
soda  glass  and  annealed  thoroughly.  Capillary  tubing  of  about  2 
nun  internal  diameter  and  3  mm  wall  t>iVtf"ess  was  selected  with 
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special  attention  to  uniformity  of  bote.  Scales  were  etdied  upon 
those  capillary  tubes  by  ruling  divisions  at  intervals  of  1.5  nun 
with  a  dividing  engine. 


Fio.  x.—ShadK^  picnom^ni,  thovnng  potiiUm  of  arbilraty  icaling  {TahUt  6  imd  7) 


Two  types  of  picnometers  were  used  (Fig.  2).  Type  A  was 
used  in  the  meastirements  considerably  below  room  temperature, 
usually  from  o  to  —50°  C.  The  small  upper  bulb  served  as  an 
expansion  reservoir  'fbr  the  ammoHia  when  at  room  tempemttire. 
ThR  volume  of  this  upper  bulb  was  so  adjusted  as  to  give  a  meas* 
urement  at  about  +  40°  C  and  thus  afford  a  means  of  comparison 
with  measurements  in  the  other  types. 
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Similarly  in  lype  B,  the  sbort  capillary  between  the  two  bulbs 
permitted  one  measurement  at  a  low  tempexatuie  for  the  purpose 
cS  comporiaon.  'Dus  design  proved  to  be  vety  convenient  in  fill- 
ing with  apprcndmately  the  desired  amount  of  ammoma,  which 
was  accompludied  by  inunea'sii^  the  bulb  in  liquid  ammonia 
exposed  to  the  air  and  cotideasing  just  enot^  iiqu^  to  bring  the 
meniscus  into  this  short  capillary.  The  ttpper  capillary  was  of 
sufBdent  length  to  permit  measm^ments  over  a. range  of  about 
50"  C.       ■ 

2.  BUaim  AXO  WSW^HOrO  (^UUKBBR 

The  balance  used  in  the  calibrations  of  the  picnometers  and  iii 
the  determinations  of  the  mass  of  ammonia  was  made  by  A. 
Collot,  Paris.  It  was  equif^^  with  air  da^pots  to  make  the 
swings  practicaUy  aperiodic.  The  picnometers  were  suspended  in 
a  closed  chamber  directly  beneath  the  balance  by  means  of  small 
rods  connected  to  the  scale  pans.  Weighings  could  be  made  to 
about  o.i  mg.  The  weights  used  in  all  the  weighings  were  cali- 
brated by  the  weights  and  measures  division  of  this  Bureau  and 
couections  given  to  0.01  mg. 

B.  TBBBXORBOVUTn^t  BATH 
The  thermoregulated  bath  used  in  all  of  the  measurements  con- 
sisted of  a  cyHndrfcal  Dfewar  vacuum  flask  of  about  6  liters  capac- 
ity. The  temperaturt  regulating  mechanism  was  assembfed  as  a 
unit  in  a  long  cylindrical  brass  tube  about  one-fonilh  tite  <fiam- 
eter  of  the  Sfisk^  so  as  to  leave  more,  than  three-fourths  of  the 
useful  area  available  for  inWductioh  of  the  picnometers.  This 
r^ulating  unit  included  a  motor-driven  dircct-«omiected  actew 
fKopdiet  Btirxer,  an  electric!  beatiag  coil,  a  carbon  dioxide.expaa- 
sion  cooliog  coil,  BXid  8  tliei'mostat  coil  filled  with  t<dueiie.  A  fixed 
contact  in  the-  thenno&tat  head  aeived  to  maintain  the  tetDperatioe 
cc»i3tantto^>ontox>i°..'  The  details  o£  the  coBStructiatL  of  a  simi- 
lar unit  have  been  previously  described.'  The  liquid  used  in  the 
batbfor  tJ»tQmpentticc:  interval  ~5o.to  4- 50^0  was  a  mixture  of 
about  65  per  cent  carbon  tetradiloride  and  35  per  cent  gasoHne,  a 
mixture  selected  with  refetence  to  fluidity  and  transparency  at 
temperatures  down  to  —  50**  C,  combined  with  maximtmi  safety 
from  fire  hazard  when  at  room  temperature  or  warmer.  The  voia- 
tite  hydrocarboQs  which  meet  the  greatest  number  of  requirements 
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erf  a  low-temperature  bath  are  not  safe  alone  in  prtudmity  to  elec- 
tric motors  and  heating  circuits  which  may  po^bly  fail  and  spaxk 
but  the  admixture  of  a  large  carbon  tetrachloride  content  makes  the 
flmd  entirely  safe  in  this  req>ect  and  does  not  destroy  transparency 
to  a  aerious  degree,  provided  reasonable  precautions  are  taken  to 
exclude  atmospheric  mcnsture  from  getting  dissolved  in  it  and  freez- 
ing out  when  cooled.  The  flash  point  was  about  +  50°  C.  For 
temperatures  in  the  interval  +  50  to  + 100°  C  a  high  boiling 
point  kerosene  was  used.  As  a  protection  from  possible  failure  of 
the  picnometers  under  pressure  and  also  failure  of  the  Dewer  flask 
itself,  the  bath  was  inclosed  in  a  metal  case  which  was  provided  with 
celluloid  windows  about  3  mm  in  thickness. 

4.  THBSMOHBTKRS 
In  the  earlier  measurements  mercurial  thermometers  graduated 
in  tenth-degrees  were  used  over  the  temperature  interval  —  30  to 
-1-50°  C.  These  thermometers  were  calibrated  against  platinum 
resistance  thermometers.  Below  —  30'' C  Baudin  toluene  ther- 
mometers were  used  in  the  first  series,  but  were  found  to  be  unre- 
liable to  better  than  0.1°,  due  to  drainage.  In  the  later  meas- 
urements resistance  diermometers  were  employed  in  this  region 
and  also  at.  higher  temperatures,  together  with  ttuoicurial  ther- 
mometers. The  Wheat3tone  bridge  used  in  c(»mection  with  the 
resistance  thermometers  was  of  the  ^.-^al  type  and  has  been 
desodbed  previously.'* 

V.  calibbAtiok  of  pichometers 

The  volume  per  scale  division  <rf  the  capiUaiies  in  each  picnom- 
eter  was  determined  by  the  usual  method  of  cdiservmg  the  kqgtfas 
of  a  mercury  tihread  of  known  mass,  llireftds  of  difierem  lengths 
were  used.  A  check  on  this  value  of  the  volume  per  scale  division 
was  obtained'  from  the  calibration  at  various  divisbns  on  the 
Bcate. 

Distilled  water  and  mercury,  which  had  been:  purified  by  the 
avode  process  and  by  distillation,  were  used  in  the  volumetric 
calibratitnis.  Volumes  were  detenmned  by  observing  the  level  of 
the  memacus  at  a  given  temperature,  uauaUy  20°  C,  ireaghing  in 
aar,  and  using  the  factor  given  in  the  I,aad(^t  and  Bdmstein 
■tahks  iA  physical  and  -  chemical    constants,  vriucfa  contain  the 
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buoyancy  and  specific  volume  corrections."  Special  precautions 
were  taken  in  the  calibrations  with  water  to  dry  the  walls  of  the 
capiUary  above.  The  portion  of  the  picnometer  filled  with  Hquid 
was  immersed  in  ice  and  the  upper  space  evacuated  to  a  pressure 
of  about  I  mm. 

Readings  were  taken  upon  the  lower  surface  of  the  concave 
water  meniscus  and  upon  tiie  uppo"  surface  of  the  convex  mercury 
meniscus  wfaidi,  of  course,  introduced  a  systematic  difference  be- 
tween the  two  calibrations.  As  an  illustration  of  this,  the  initial 
calibration  of  {acnometer  A  is  given  in  Table  6. 

TABLB  6.— Inttlal  Cdlbtidoo  of  Plcnoiiutaf  A 
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Assuming  that  the  diapes  of  the  water  and  mncury  menisci 
are  concave  and  convex  hemispheres,  respectively,  in  capillaries 
of  Hk  particular  size  used  (i^xnit  2  mm  in  diameter),  the  differ- 
ence in  the  volume  determined  by  reading  to  any  graduated  marie 
is  equal  to  the  difference  between  the  volume  of  a  s{Aere  and  its 
circumscribed  cylinder  whose  loigth  and  diameter,  are  the  d 
of  the  cajnUary.    Numendally  the  difference  is 


Hf  («-)- 


where  r  is  the  radius  of  the  capillary.  The  diameter  of  the  capillary 
in  the  preceding  illustration  was  found  from  the  calibration  to  be 
1.66  nun,  which  gives  for  the  calculated  difference  in  volume  o.ooia 

ntmnci  to  tdDUiUn  ratbet  tlwn  to  coble  ceaHmeter],  hut  the  dJfferBuz  In  the  two  imiti  is  liulxalfletBt 
iottlKRnltialwoikdeKribedlathliiimcr.  The  voltuoa  ol  i  ks  ol  iMts  at  4°  C,  defioed  u  i  litct,  ia 
uaa.orj  cm*,  Dundy,  diffen  iiDin  a  cube  of  la  cm  edfr  by  about  a?  PHTts  in  1 00a  00a  The  fbud  reaulta  of 
thiiiMtfKriuvcanied  tA  tbepohit  where  1  or  t  parts  la  i«  ood  have  dfl^rance;  one  moie  decimal  place  la 
ntalned  lo  tht  iDtennediatc  nagn  Ihal  is.  nliune  measnnmcnts  aie  ncorded  to  1  part  in  loooo  (n 
lutim  I  oBooo)— butlhelastfisucelain  doubt  by  couddoKbl/ moie  than  a  tiotle  unit,  and  the  diatlnc- 
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cm*.  The  results  from  several  caBbratiaas  indicate  that  the 
above  method  of  calculatiti^  the  diffeFence  in  volume  between 
the  tfro  menisci  is  fairly  reliable  for  capillaries  of  the  particular 
dimensions  used. 

Since  liquid  ammonia  wets  the  walls  of  the  tube  and  has  a  menis- 
cus similar  to  that  of  water,  the  desired  volumes  are  obviously 
those  determined  by  the  calibrations  with  water.  The  calibra- 
tions with  mercury,  however,  are  probably  ,the  more  accurate. 
The  final  volumes  adopted  iter^  obtained  from  the  mean  of  several 
mercury  calibrations  plus  the  calculated  correption  for  the  shapq 
of  the  meniscus.  These  agreed  well  in  most  cases  with  the  mean 
of  the  water  calibrations. 

The  pressure  coefficient  of  expansion  of  each  picnometer  was 
determined  by  applying  air  pa^ssure  from  a  cylinder  of  compressed 
air  with  the  picnometer  almost  completely  filled  with  water. 
Readings  were  taken  at  intervals  of  5  or  10  atmospheres  up  to  50 
atmospheres.  The  value  for  the  compressibility  of  water  obtained 
from  the  Landolt  and  Bomstein  tables  was  taken  as  45  x  lo"*  pet 
atmosphere.  The  expansion  with  pressure  was  small  and  ap- 
peared te  be  uniform  over  the  above  range  of  pressure. 

The  temperature  coefiSdents  of  expansion  of  picnometers  A  and 
B  between  —20  and  +40°  C  were  measured  by  observing  the 
apparent  change  in  volume  of  a.  known  wei^t  of  mercury.  The 
difierence  between  the  observed  vokune  change  and  thq  expan- 
sion of  the  mercury  (taken  fi»ai  Landolt  end  Bi^nstein  |dtysicf^ 
tables)  iumished  an  approximate  value  for  the  expaasion  coeffiT 
cient  of  the  g^ass.  The  results  obtained  by  this  method  wexe  in- 
cansistent,  the  values  for  the  temperature  co^cient  of  cubical 
expansion  varying  frcnn  0.000023  to  0.000028,  per  degree  ceatir; 
grade.  The  coefficient  of  linear  expaasaon  of  a  sample  taken 
from  picnometer  B  was  determined  by  C.  G.  Peters  of  this  Bureau, 
using  a  Fabry  and  Perot  interferometer.  He  obtained  the  value 
9.S  X  io~*.  The  temperature  coefficient  of  cubical  expansion  used 
throughout  tiie  measurements  here  presented  was  based  upon  the 
above  determination  and  taken  as  2.9  Xio"'  per  degree  centi- 
grade. 

The  final  results  of  the  picnometer  calibrations  are  given  in 
Table  7.  The  capillaries  selected  were  found  to  be  so  uniform 
that  application  of  the  caliber  corrections  would  not  have  changed 
any  result  by  more  than  i  part  in  10  000.  Interpolation  was  ef- 
fected by  the  use  of  the  factors — ^volume  per  scale  division.  The 
initial  calibratiini  of  A  was  used  in  the  calculations  of  the  first 
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seties  of  specific  VDluiae  meaairKnen'te  (Table  8).  In  the  proce^ 
of  filling  A  tlie  second  time  a  small  crack  developed  in  the  Ci4)il- 
laiy  at  about  the  140  scale  division,  |H-obably  caused  by  cooHng 
too  rapidly  with  liquid  air.  This  crack  was  healed  and  the  pic- 
ncnneter  recalibrated  after  the  second  series  of  measprements. 
The  lower  bulb  of  A  was  accidentally  broken  in  cleaning  pr^ara- 
tory  to  filling  the  third  time  and  a  new  one  blown.  The  third 
calibratian  wms  made  after  the  measurements  of  series  5.  The 
pressure  coeflSdent  of  expansion  of  A  with  its  new  lower  bulb  was 
not  determined,  aiuat .  measurements  were  taken  only  at  low 


TABU  7.-~naa  BmoUi  oI  Viamtgtu  CiIitaatlMU 
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VI.  PUlUFICATIon    O^   SAMPLES   AND    DESCRIPTION    OF 
PICNOMETBR  FILLINGS 

The  ammonia  used  in  these  measurements  was  prepared  by  Mc- 
Kelvy  and  Taylor  of  the  chemical  division  of  this  Bureau,  by  four 
methods  described  more  in  detail  in  an  independent  paper." 
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Only  a  brief  description  of  the  processes  of  ptaification  irill  there- 
fore be  given  here. 

MatHOD  1. — A  commercial  sample  in  which  no  traces  of  pyri- 
dine or  ammonium  acetate  could  be  detected  chemically  and  which 
showed  a  very  small  residue  on  evaporation  was  used  as  the  start- 
ing material.  This  material  was  converted  into  ammonium  sul- 
phate by  passing  the  gas  into  sulphuric  acid  after  it  had  been 
passed  through  a  tube  containing  lime  heated  to  a  red  heat.  The 
ammonium-sulphate  solution  obtained  was  heated  with  sodium 
hydroxide  and  the  ammonia  gas  thus  IflMrated.  llie  gas  was 
dried  by  passing  it  through  an  all-glass  train  of  potassium  hydrox- 
ide, ignited  Hme,  and  barium  oxide,  and  was  then  condensed  in  a 
glass  bulb  cooled  with  a  mixture  of  carbon  dioxide  and  petroleum 
ether.  The  ammonia  was  then  fractionally  distilled  several  times, 
frozen  with  liquid  air  repeatedly,  and  then  frozen  by  its  own 
evaporation,  the  vapor  being  pumped  off  through  a  vacuum  pump. 
The  final  products  obtained  by  the  above  procedure  are  designated 
in  Table  8  as  samples  F,  G,  and  H. 

Method  2. — A  sample  of  ammonia  the  same  as  the  one  used  in 
method  i  was  used  as  the  starting  material.  This  was  transferred 
by  distillation  into  a  small  steel  container  which  would  hold  about 
a  kilogram.  The  first  pcntion  was  discarded  and  the  middle  por- 
tion was  distilled  into  a  similar  vessel  containing  metallic  sodium 
in  the  form  of  a  fine  wire  to  remove  any  traces  <^  water.  FoUow- 
tng  this  dehydrfition  the.  liquid  was  distilled  into  a  high-in^essute 
fractional-distillation  apparatus  and  fracrionally  distilled  8  times, 
rejecting  the  first  and  last  fractions  (a  Uttle  less  than  o.i  the  total 
volume  of  the  liquid)  in  each  distillation.  Hie  product  thus  ob- 
tained was  distilled  into  a  vacuum-fractional  distillation  apparatus 
of  glass  and  fractionally  distilled  about  10  times,  the  first  aod  last 
portions  being  rejected  in  each  case.  The  ammonia  was  then 
frozen  in  liquid  air  and  the  r^dual  vapor  and  gas  were  pumped  off. 
The  ammonia  was  then  allowed  to  warm  up  imtil  it  was  entirely 
liquid  and  some  of  the  vapor  was  escaping  through  a  mercury  seal. 
It  was  again  frozen  in  liquid  air  and  the  vapor  pumped  off  as  be- 
fore. This  process  was  repeated  several  times.  Finally  the  am- 
monia was  frozen  into  .small  flocculent  crystals  by  its  own  evapo- 
ration, the  resulting  vapor  being  pumped  off  and  discarded.  This 
final  product,  designated  sample  L  in  Table  8,  was  used  for  filling 
the  picnometers. 

Mbthod  3. — This  method  was  the  same  as  method  2,  except 
that  a  sample  of  synthetic  anmionia  made  by  the  Haber  process 
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was  used  as  a  starting  material,  instead  of  the  sample  previously 
described.  This  synthetic  sample  proved  to  be  extremely  pure 
except  for  a  comparatively  large  amount  of  water,  which  was  easily 
removed  by  means  of  the  metallic  sodium.  The  samples  desig- 
nated I  and  P  in  Table  8  were  iM-epared  by  this  method. 

Msthod  4. — ^The  procedure  employed  in  this  method  was 
similar  to  that  followed  in  method  2,  using  the  same  source  of 
ammotda,  the  dehydration  with  metallic  sodium,  and  the  high, 
pressure  fractional  distillations.  No  vacuum  fractional  distilla- 
tions were  made.  The  sample  designated  A  in  Table  S  was 
prepared  by  this  method. 

The  tests  for  purity  on  the  final  samples  of  ammonia  obtained 
from  the  above  methods  gave  the  following  results:  Water,  less 
than  0.003  per  cent,  by  weight,  which  was  the  limit  of  sensitivity 
of  the  chemical  test  appHed;  noocondensing  gases,  from  approxi- 
mately  i  part  in  10  000  to  i  part  in  i  000  000,  by  volume. 

The  picnometers  were  cleaned  with  a  mixture  of  concentrated 
nitric  and  sulphuric  adds,  aqueous  potassium  hydroxide  solution, 
aud  washed  with  distilled  water.  The  upper  ends  of  the  pic- 
nometers were  always  constricted  so  as  to  facilitate  satisfactory 
seals.  They  were  then  sealed  directly  into  the  glass  line  of  the 
vacumn-distillation  apparatus  and  evacuated  to  a  pressure  less 
than  o.ooi  mm  of  mercury.  After  a  sufficient  quantity  of  the 
purified  ammonia  had  been  distilled  into  one  of  the  picnometers, 
the  supply  reservoir  was  cut  off  by  closing  an  intervening  stop- 
cock and  the  ammonia  frozen  by  means  of  liquid  air.  The  vapor 
phase  was  pumped  off  with  the  £d  of  a  high-vacuum  pump,  and 
the  picnometer  was  sealed  by  fusing  the  constricted  capillary. 
The  method  of  filling  with  approximately  the  desired  amount 
varied  somewhat.  In  most  instances  commercial  liquid  ammonia 
in  an  open  Dewar  flask  was  used  as  a  cooling  agent  to  condense  the 
desired  amount  into  the  picnometers  directiy,  or  into  a  small 
graduated  tube  of  known  volume  for  transfer  by  distillation  into 
the  picnometers.  A  mixture  of  carbon  dioxide  and  petroleum 
ether  was  sometimes  used  for  cooling.  In  the  last  filUngs,  for 
the  measurements  at  the  higher  temperatures,  it  was  necessary 
to  exercise  particular  care  to  fill  within  a  few  milligrams  of  the 
desired  mass.  For  this  purpose  a  small  glass  tube,  soldered  to  a 
steel  needle  valve,  was  filled  with  a  slight  excess  of  ammonia  and 
then  small  amounts  were  blown  oS  through  the  valve.  This 
method  proved  very  convenient  in  adjusting  to  the  required 
amount  and  also  furnished  an  excellent  check  upon  the  mass 
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detemnoations,  since  the  aimHary  tube  lent  itself  most  readily 
to  direct  weighings. 

Vn.  RESULTS    OF   MEASUREMENTS 

The  results  of  all  the  measurements  of  the  specific  volome  ai« 
collected  in  Table  8.  They  have  been  divided  into  separate 
series,  since  each  series  consists  of  measurements  with  a  particular 
sample,  picnometer,  and  filling.  The  various  factcN:s.  which  enter 
into  the  results  have  also  been  included. 

TABIB  8.— Heisnrameiita  of  Specific  Volume  of  I.iquid  Ammonia 


VohmM 


Hnist 


ShcIBc 


n.  10. 1915. 
lf.li;UUL. 


I' MP 


t$! 


itHS 


Hu.2.191t. 

0 

A, 

14,0 

4.BU4 

3.3tS4 

0.0004 

:^ 

■T. 

U*r.3,i9ie..... 

Q 

3IB.C 

5.SXr7 

13134 

OSI 

0007 

+39  59 

!:ISS 

+  4 

HW.<,»1C 

0 

§ 

M 

159,6 

S.1K1 

.m 

.om 

4-    -OS 

-6 

Bbr.T.lBU 

O 

Ai 

m.« 

5.B74 

x3m 

.054 

.am 

+»» 

LTlNf 

+16 

Di3,i«db,Google 


^^  Specific  Vofume  of  Liquid  Ammonia  305 

TIBLB  8.— Jliimimmtt  of  SpadSc  Tohnn*  ttt  Uqttld  Anmoslo— Ccntiaiied 
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TABLB  8. — Hoisiminmti  of  SpAclflc  Tolnnu  at  Liquid  Anutmila — Contiaued 
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,  In  the  temperBture  interval  -50  to  +50°  C  the  vahies  for  the 
Specific  volume  of  the  saturated  vapor  which  enter  into  the 
correction  for  the  mass  of  the  vapor  were  based  upon  [nvUnii- 
naty  measurements  made  at  this  Bureau,  the  &aal  results  of 
which  will  be  published  in  a  separate  paper.  In  the  interval 
;!-50  to  +ioo°C,  the  vapor  specific  volumes  were  obtained  by 
extrapolation  of  the  mean  diameter  of  the  temperature-density  dome 
(often  called  the  Cailletet  and  MathJas  rectilinear  diameter) ,  Fig,  3. 
This  diameter  was  found  to  be  represent^  accurately  by  a  second, 
degree  equation. 

The  scale  of  temperature  used  in  these  measurements  is  the  scale 
defined  by  the  resistance  thermometer  of  pure  platinum,  calibrated 
in  ice,  steam,  and  sulphur  vapor  (444.6°  C  taken  as  the  normal 
boiling  pcnnt  of  sulphur).     Using  the  CstHender  equation 


^iM-rto  \lOO        /lOO 


as  an  interpolation  equation,  the  temperature  scale  so  defined 
represents  the  centigrade  thermodynamic  scale  in  the  interval 
— go  to  450"  C  to  the  accuracy  with  whidi  that  scale  is  at  present 
known,  and  has  been  adopted  as  the  standard  worldng  scale  c^ 
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this  Bureau  in  that  interval.  By  direct  compariecm  ot  several 
platinum  resistance  thermometers  with  a  constant-volume  hydro- 
gen thermometer  at  temperatures  below  -5o''C,  Henning" 
found  the  correctians  necessary  to  reduce  to  the  gas  scale  the 
temperatures  determined  ^th  the  above  equation.  From  Hen- 
ning'sresultsacorrectionof  +o.o8°hasbeenappliedtothemea9ure- 
ment  at  -  78.59°  C 

m   mUfi 
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Vm.  FORM  OF  EMPIRICAL  EQUATION  TO  REPRESENT 
SFBCIVXC  TOLUMB  OF  LIQim>  AMMONIA  AS  A  FUNC- 
TION OF  TEMPERATURE 

A  form  of  empirical  equation  was  sou^t  which  would  tcpresent 
the  experimental  results  closely  and  which  would  also  satisfy  the 
terminal  conditions  at  the  critical  temperature.  To  be  consistent 
with  our  present  knowledge  of  the  behavior  of  substances  at  the 
critical  temperature,  9,,  tiie  equation  should  give  a  finite  value 

for  the  specific  volume,  tt.  and  for  the  derivative  -33  should  give 
a  value  of  +». 
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The  Avcnarius  "  equation, 

u-^A+B  log  ($t-9), 

has  ftcquently  been  used  to  express  the  volume  of  the  Uquid  as  a 
function  of  temperature.  Using  the  constants  A —3.68,  B-=i, 
and  Pg  —  JSO,  this  equation  was  found  to  represent  the  experi- 
mental results  in  the  range  -  50  to  50°  C  remarkably  well.  How- 
ever, at  the  critical  temperature  this  equation  gives  an  infinite 
value  fw  the  specific  volume,  which  makes  it  veiy  unsuitable  for 
extrapolation  near  this  temperature. 
An  equation  of  the  form  ** 

v,  +  AJe^  +  B(9c-«) 

where  «o  ia  the  specific  volume  at  the  critical  temperature,  <„,  has 
been  found  to  satisfy  the  above  requirements  and  has  been  used  to 
represent  the  results  of  the  present  measurements. 

Several  equations  of  the  correct  form  to  meet  the  end  ocmditioiis 
were  tried,  but  did  not  represent  the  data  satisfactorily.  An 
equation  of  the  form 

u-u,  +  A{e„'0)*+B  («.-fl)+C(«„ -«)•  +  /)  (»,-«)' 

proved  to  be  surprisingly  unsuitable. 

MtUMlMlkBkcatlfdvcaiiblaaiDtfaMitblMMdoapiinlycnplrinlKteliou.    Th«irlii>lnBB«th» 
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IX.  DISCUSSION  OF  HSfiULTS 

The  results  of  the  measurements  may  be  expressed  by  means  of 
the  following  empirical  equation : 

^ _ 4-g830+o.8i3055Vi33 -tf-o.oo8286i  (133-^ 
i+o.4a48o5Vi33-*  +  o-oi5938  (133-*) 

where  titeposttiTeTRlues  of  the  square  roots  are  to  be  used.  The 
units  for  0  are  d^rees  centigrade,  and  for  «,  cubic  centimeters 
per  gram.  The  value  for  the  critical  temperature  is  based  npcm 
the  experimental  determination  by  Cardoso  and  Giltay.'*  The 
critical  volume  was  obtained  from  tbe  extrE^>olation  of  the  mean 
diameter  of  the  temperature-density  dome  (Fig.'  3) . 

The  deviations,  in  parts  in  100  000,  of  the  individual  measure- 
ments from  values  computed  by  the  above  equation  are  shown  in 
Table  7.  It  may  be  noted  that  nearly  all  c^  the  measurements 
were  made  in  the  temperature  interval  -50  to  +50*  C.  The 
last  two  series  were  made  in  order  to  establish  the  trend  of  thQ 
curve  outside  of  this  range.  In  each  of  these  series  one  measure- 
ment was  toads  in  the  range  previously  investigated  to  permit 
of  con^paiison  with  the  earlier  series. 

Since  the  empirical  equation  expresses  closely  the  experimental 
results  from  -78  to  +100°  C  and  also  fits  the  critical  volume 
as  determined  by  the  generally  accepted  method,  it  is  believed 
that  the  interpolated  values  between  + 100  and  + 133°  C  are  a 
fair  approximation  to  the  volumes  of  the  liquid  in  this  region. 
Values  computed  from  this  equation  for  every  degree  between 
the  freezing  point  and  the  critical  temperature,  in  both  metric 
and  English  units,  are  given  in  the  appendix. 

An  estimate  of  the  accuracy  of  the  measurements  may  be 
obtained  by  assigning  average  and  TtntTiTniiTn  errors  to  each 
element  which  entei:s  into  the  final  result.  Table  9  contains  a 
tabulation  of  the  magnitude  of  these  errors  which  were  estimated 
from  the  e^:perience  gaijied  in  making  the  measurements.  Hiey 
apply  more  particularly  to  the  tempaa.ture  range,  —50  to  +50°  C. 
••  Ajck.  Sd.  Etr*.  int.,  gmh«^  M.  p.  •«:  vu. 


Digitized  byGoOgle 


3IO  Scientific  Papers  of  the  Bvnau  of  Standards         iKoiLir 

TABLE  9.-4rtmaoB  of  Bram 
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llie  fair  agreement  between  the  observed  and  estimated  average 
error  indicates  that  the  precision  attained  in  the  measurements 
was  about  that  to  be  expected  from  the  precision  of  the  various 
factors.  The  observed  maximum  error  is  less  thail  the  estimated, 
which  means  that  all  of  the  possible  errors  of  the  same  sign  were 
tiever  present  in  any  single  measurement. 

In  the  above  discussion  no  mention  has  been  made  of  the  pos- 
sible systematic  error  introduced  in  any  given  series  by  the  sample 
itself.  Prom  the  above  analysis  the  observed  errors  may  easUy 
be  attributed  to  errors  of  observation .  This  leads  to  the  important 
conclusion  that  the  seven  different  samples  of  ammonia  made  by 
four  different  methods  of  purification  jrield  results  for  the  specific 
volume  of  the  saturated  liquid  which  are  in  agreement  within  the 
precision  of  the  measurement. 

The  measurements  described  in  this  paper  were  made  with  veiy 
pure  samples  of  ammonia.  The  question  immediately  arises  in 
the  practical  application  of  the  results  as  to  how  much  the  results 
would  be  affected  by  the  impurities  commonly  found  in  commercial 
samples.  Tests "  made  at  this  Bureau  upon  eight  standard 
American  brands  of  commercial  ammonia,  which  aire  believed  to 
represent  fairly  well  the  material  now  used  in  the  refrigeration 
industries,  indicate  that  most  commercial  brands  of  ammonia 
contain  less  thab  o.i  per  cent  of  impurities.  The  nature  of  the 
impurities  and  the  quantity  of  each  present  were  not  widely 
different  in  all  eight  brands,  and  it  seemed  that  for  the  purpose  in 
view  any  one  might  properly  be  taken  as  a  fair  representative  of 
commercial  ammonia  and  that  no  need  existed  for  comparing  each 
sample  with  chemically  pure  ammonia.    A  sample  designated  as 


■'  McEdTV  laA  TBylQi,  J.  Km.  9vc.  Rdiifastioa  B 
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B  in  a  previous  analysis  "  was  used  for  three  determinations  of 
density  at  +  25°  C  in  a  glass  picnometer  d  about  1 35  cm'  capacity. 
A  separate  filling  was  made  for  each  detenninatson.  The  mean 
of  the  three  measonrnetrts  c^reed  with  tlie  results  on  the  highly 
purified  ammonia  within  i  part  in  3000.  It  seems  reasonably 
certain  that  the  density  tables  appended  to  this  paper,  represent- 
ing values  fen*  pure  ammonia,  can  be  applied  with  an  efror  well 
within  I  part  in  1000  to  usual  commercial  annnonias  of  99.9  per 
cent  purity.  In  canying  the  accuracy  of  this  woric  on  pure 
ammonia  much  beyond  the  needs  of  engineering  practice  due 
regard  was  had  for  the  general  destrabili^  of  accurate  values  of 
jdiysical  constants  for  pure  substances  and  for  the  fact  that  ex- 
treme accuracy  of  measurement  on  the  liquid  pbasa  was  essentud 
to  securing  a  high  enough  accuracy  of  tneasurement  on  the 
vapor  phase,  by  the  methods  used,  to  meet  the  needs  of  indus- 
trial refrigeration  engineering,  i  or  a  per  cent  in  some  parts  of  the 
temperature  range. 

Credit  is  due  to  O.  F.  O'Conner,  who  assisted  in  making  many 
of  the  measurements. 

X.  SUMMARY 

The  results  of  previous  measurements  of  the  specific  volume  of 
saturated  liquid  ammonia  are  discussed  briefly  and  compared 
with  the  authors'  results. 

Four  glass  picnometers  of  about  5  cm  *  capacity  were  calibrated 
with  water  and  mercury  to  an  accuracy  of  a  few  parts  in  100  000. 
The  temperature  coefficient  of  expansicai  of  the  g^BSS"was  obtained 
from  a  detennination  wi^  an  interferometer  of  the  coefficient  of 
linear  expansion.  The  expansion  of  the  picnometers  with  pres- 
sure was  determined  expierimentally,  using  a  liquid  of  known  com- 
pressibili^. 

Seven  samples  of  ammonia,  purified  by  four  somewhat  differ- 
ent methods,  were  used  in  these  picnometers,  and  volume  measure- 
ments made  throughout  the  temperature  interval  -  78  to  +1 00"  C. 
Special  tests  showed  less  than  i  part  in  10  000,  by  volume, 
of  noncondensing  gases  present  and  less  than  o.oi  per  cent,  by 
weight,  of  other  impurities. 

The  picnometers,  after  being  partially  filled  with  liquid  ammo- 
nia, were  immersed  in  a  thermoregulatoi  bath,  the  temperature  of 
which  could  be  maintained  constant  to  about  o.°oi  C.  Readings 
at  various  temperatures  were  then  taken  of  the  position  of  the 
ammonia  meniscus  in  the  calibrated  capillary  of  ^e  picnometer. 
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Readings  were  taken  at  five-minute  intervals  for  a  period  of  about 
one-liaif  hour  in  order  to  insure  equilibrium. 

The  total  mass  oi.  anunonia  in  each  picnometer  during  any  aenes 
(A  measurements  was  always  determined  afterwards  by  wei^nng 
the  pic&ometer  filled  with  ammonia,  then  breaking  the  tip  and 
reweighing  filled  with  dry  air.  In  the  later  series  the  total  mass 
was  also  determined  before  fill  wig  the  [ncnometers,  using  a  snail 
auxiliary  bulb  soldered  to  a  steel  valve.  The  mass  so  determined 
agreed  with  the  subsequent  determination  to  better  than  i  part 
in  loooo. 

The  picnometers  were  so  dea^;ned  as  to  make  the  mass  of  the 
vapor  phase  small  in  otmiportson  with  the  total  mass  of  ammonia. 
The  v^ues  for  the  specific  volume  of  the  saturated  vapor  which 
enter  as  a  correction  term  were  obtained  from  preliminary  meas- 
urements made  at  this  Bureau.  In  the  interval  +50  to  + 100°  C 
these  values  were  obtained  by  extrapolating  the  mean  diameter 
of  the  temperature-density  dome. 

An  (unforical  equation  was  found  which  repreeents  closely  the 
results  in  the  temperature  range  covered  experimentally  and  also 
conforms  to  ^at  is  known  atx>ut  the  behavior  of  liquids  at  the 
critical  temperature.  The  average  deviation  of  all  the  measure- 
ments from  this  equation  is  i  part  in  10  000  and  the  maximum 
deviation  is  4  parts  in  10  000. 

As  a  final  result  the  specific  volume  of  saturated  liquid  ammonia 
is  expressed  by  the  equation: 

^_  4.2830 +o.8i3055Vi33-g- 0.0082861  (133 -g)^ 
1+0.4248051/133-9+0.015938  (133-*) 

where  «  is  expressed  in  cubic  centimeters  per  gram  and  $  in  degrees 
centigrade. 
Washinoton,  October  8,  1920. 
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PART  I.— WAVE  LENGTHS  LONGER  THAN  5500  A  IN 
THE  ARC  SPECTRA  OF  YTTRIUM,  LANTHANUM. 
AND  CERIUM 

ByC  C  KiM. 


This  paper  cootaibis  tbe  results  derived  frmn  a  study  erf  the  yellow,  red,  aid  tafm- 
ledregionaof  the  arc  spectra  of  yttrium  laiithaiium,  and  cerium.  SpectmgrBms  were 
pfaotographed  with  the  dyespinacyanol.  kryptocyanm,  and  dicyauis.  The  rare  earth 
confounds  studied  were  derived  from  two  sources:  From  the  Umverrity  irf  lUinois 
were  obtaiited  the  aalxtta  of  yttrium  atid  lanthanum  and  the  aside  of  ccrhim,  pn- 
pared  under  the  direction  offtof.  B .  S.  Kipkiiu:  ffom  Eimer  and  Amend  were  obtained 
file  chlorides  of  yttrium  and  lanthanum  and  the  nitrate  of  cerium,  the  last  being  a 
Eahlbaum  preparatifm.  In  addition  to  spectrograms  of  the  above-named  materiala 
Kcured  with  the  concave  grating  spectrograph  of  the  Bureau  of  Standardi  there  were 
available  for  measurement  two  spectrcframs  made  by  Dr,  Eder,  of  Viesoai  with  Iria 
gmting  spectrograph.  These  spectrograms  were  erf  yttrium  and  cerium  salts  piepared 
by  C.  Auer  von  Welsbach.  The  tables  submitted  herewith  centaiH  about  175  lines 
in  the  spectrum  of  yttrium,  410  In  the  spectrum  (rf  lanthanum,  and  ^Mut  1700  in  that 
tt  cerium.  Many  of  the  wave  lengths  are  those  of  heads  of  bands  which  are  proadneat 
In  the  spectra  of  yttrimn  and  lanthanum.  Part  II  of  this  paper,  prepared  by  Prof, 
B.  S.  Hopkins  and  Dr.  H.  C.  Kremers  at  the  Unlveiiity  of  Illiaoia,  describes  the 
methods  used  in  purifying  the  samples  erf  yttrium,  lanthanum,  and  coium,  whiii 
iRte  used  in  this  work. 

I.  INTRODUCTION 

The  rare  earths  present  many  interesting  problems  not  only  to 
the  chemist,  but  to  the  spectroscopist  as  well.  Indeed,  the 
chemist,  in  separating  and  ptuifying  his  various  preparations  of 
the  compounds  of  the  rare  earth  metals,  avails  himsdf  to  a  great 
extent  of  spectroscopic  methods.  And  in  one  instance,  at  least, 
the  spectroscopist  has  indicated  the  presence  of  a  new  and  imsus- 
pected  element  which  had  escaped  detection  by  the  chemist.^ 

In  addition  to  its  work  of  measuring  standard  wave  lengths  in 
the  spectra  of  the  chemical  elements,  the  spectroscopy  laboratory 
at  the  Bureau  of  Standards  makes  frequent  spectroscopic  analyses 
<rf  various  metals,  salts,  alloys,  etc.,  to  ascertain  their  composition 
and  purity.  The  opportunity  which  arose  when  a  number  of 
samples  of  rare  earth  compounds  (prepared  at  the  University  of 
Illinois  by  Prof.  Hopkins  and  his  coworkers)  were  submitted  for 
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analysis  was  taken  advantage  of  to  study  the  yellow,  red,  and 
infra-red  regions  of  their  arc  spectra.  This  work  was  done  in 
(Kmtinuation  of  a  program  which  was  begun  several  years  ago  and 
is  now  well  <»  the  way  toward  ompletion.  This  program  has  as 
one  of  its  objects  the  mapping  of  the  red  and  infra-red  spectra  oi 
the  chemical  elements  as  far  out  into  the  region  of  longer  wave 
lengths  as  modem  pluitographic  methods  will  p^mit.  To  date 
results  for  about  35  elements  have  been  published,*  and  work  on 
the  remainder  is  in  variotra  sta^s  of  progress.  This  paper  pvescots 
the  data  derived  from  a  study  of  the  arc  spectra  of  yttrium,  lan- 
thanum, and  cerium.  Wave  lengths  in  the  spectra  of  other  rare 
earth  elements  have  been  measured  and  will  be  published  as  som 
as  the  work  of  compiling  the  tables  is  completed. 

n.  APPARATUS  Ain>  METHODS 

Most  of  the  spectograms  upon  which  the  present  study  is 
based  were  seciued  with  the  concave  grating  spectograpb  of  the 
Bureau  of  Standards.  This  instrument  has  been  described  in  a 
previous  publication.*  Four  gratings,  all  ruled  at  the  Johns 
Hopkins  University  and  of  640  cm  radius,  were  used  in  the  spec- 
trograph. The  third  order  of  a  grating  ruled  with  10  000  Unes 
to  the  inch,  was  used  in  photographing  the  regions  of  the  spectra 
between  5500  A  and  5900  A.  The  dispersion  was  2.3  A  per  milli- 
meter. The  first  orders  of  two  20  000  lines-per-inch  gratings 
(dispersion  3.6  A  per  millimeter)  were  used  to  photograph  the 
spectral  regions  between  5500  A  and  8000  A.  For  the  region 
from  8000  A  to  10  000  A  the  first  order  of  the  7500  lines-per-inch 
grating,  regularly  in  use  in  this  laboratory,  was  employed.  A 
few  spectrograms  in  shorter  wave-length  regions  were  also  made 
in  the  third  and  fourth  orders  of  the  last-named  grating. 

The  materials  whose  spectra  were  studied  were  derived  from 
two  sources.  From  Elmer  and  Amend  were  obtained  the  chlo- 
rides of  yttrium  and  lanthanum  and  the  nitrate  c^  cerium,  the 
last  named  being  a  Kahlbaum  preparation.  As  mentioned 
above,  several  preparations  of  rare  earths  were  received  for 
analysis  from  the  chemistry  department  of  the  University  of 
Illinois.  Among  these  were  the  oxalates  of  yttrium  and  lan- 
thanum and  the  oxide  of  cerium.  A  statement  of  the  methods 
of  extracting  these  compounds  from  their  ores  and  puiifj^ing 
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them  has  been  prepared  by  Profs.  Hopkins  and  Kremeis  and 
constitutes  the  second  part  of  this  paper. 

The  salts  were  vaporized  either  on  graphite  or  copper  elec- 
trodes, the  latter,  however,  being  used  for  the  greater  portion  of 
the  work.  Although  the  spectrum  of  copper  has  some  strong 
lines  in  the  r^ions  Studied,  yet  it  is  believed  that  few  lines,  if 
any,  in  the  spectra  examined  have  been  omitted  because  of 
coincidence  with  copper  lines.  We  have  found  the  use  of  copper 
pr^erable  to  the  use  of  graphite  because  of  the  steadiness  with 
which  the  copper  arc  bums,  especially  when  a  bead  from  the 
upper  electrode  is  fused  with  the  metal  in  the  lower.  The  advan- 
tage of  this  feature  in  the  case  of  long  exposures  can  be  appre- 
ciated. Current  strengths  of  6  to  lo  amperes  were  used  under 
240  volts  pressure,  dependit^;  on  the  specbul  region  being  photo- 
graphed. 

The  spectrograms  were  made  on  Seed  23  and  Seed  30  plates 
measuring  2}4  by  8  inches.  They  were  sensitized  to  the  yellow, 
red,  and  infra-red  r^ons  of  the  spectrum  with  pinacyanol,  kryp- 
tocyanin,*  and  dicyanin,  respectively.  Dyes  produced  in  this 
country  and  abroad  were  used  with  equal  success.  The  exposiue 
times  ranged  from  2^  minutes  for  the  yellow  regions  to  5  hours 
for  the  infra-red.  The  arc  spectrum  of  iron  served  as  comparison 
spectrum,  and  its  wave  lengths  determined  by  interference 
methods  *  were  used  in  the  reductions.  The  iron  spectrum  was 
photographed  both  at  the  beginning  and  at  the  end  of  long 
exposures  in  order  to  eliminate  any  possible  temperature  shift. 
Inasmuch  as  the  grating  is  mounted  in  a  small  room  whose  tem- 
perature changes  are  gradual  through  long  periods  of  time,  corre- 
sponding to  seasonal  changes,  no  trouble  from  this  source  was 
experienced.  A  potassium  bichromate  cell  or  a  screen  of  red  glass, 
Jena  4512,  was  used  in  front  of  the  slit  of  the  spectrograph  to 
remove  overlapping  higher  orders  of  spectra. 

In  addition  to  the  spectrograms  made  here,  as  described  above, 
the  Bureau  of  Standards  has  received  from  Prof.  J.  M.  Eder,  of 
Vienna,  a  number  of  spectrograms  of  the  rare  earth  preparations 
of  C.  Auer  von  Welsbach.  Among  them,  two — one  of  erbium 
nitrate  containing  yttrium,  the  other  of  cerium  chloride — extend 
into  a  portion  of  the  same  spectral  regions  investigated  here. 
These  spectrograms  were  secured  by  Eder  with  a  Rowland  concave 
grating  of  4.6  m  radius  and  containing  13  000  lines  per  inch.    The 

•  I.  OpL  Sm;  cf  An.,4,  Ik.  gi,  ism;  ].  Am.  CboB.  Soc.  41,  II  iMi.  i«n 


igitizedbyGoOgfe 


{j^f  ****"■]    Arc  spectra  of  Yttriwn,  LarOhanum,  and  Cerium    331 

dispersion  uras  3.7  A  per  millimeter.  The  results  derived  from 
these  plates  are  included  witli  thoae  given  in  the  tables  of  this 
paper. 

All  the  plates  were  tneasiued  on  a  large  engine  of  which  the 
smallest  scale  division  is  o.ooi  mm.  The  spectrograms  were 
measured  directly  in  the  sense  increasing  wave  lengths  with 
increasing  scale  readii^s,  and  then  in  the  reversed  position.  In 
both  directions  of  measurement  from  two  to  six  settings  with  the 
micrometer  wire  were  made  on  each  line  according  to  its  sharpness. 

m.  RESULTS 

In  the  followii^  tables  are  brought  together  the  resuhs  derived 
from  the  measurement  of  the  plates.  The  tabulated  wave  lengths 
are,  in  the  case  of  yttrium  and  lanthanum,  the  aver^es  of  from 
3  to  13  determinations,  and  in  the  case  of  cerium,  from  3  to  7. 
The  majority  of  the  tabulated  wave  lengths,  however,  are  the 
means  of  4  observations.  Lines  observed  only  once  were  recorded 
<m  plates  exposed  longer  than  the  average  to  a  particular  spectral 
r^on. 

The  second  and  third  colmnns  at  the  tables  give  symbols 
describing  the  intensity,  character,  and  acct^racy  of  the  lines. 
The  intensities  range  from  i  or  <iioi  the  faintest  lines  measui%d 
to  10  for  the  strongest.  An  asterisk  (*)  in  the  second  column 
denotes  that  the  line  was  not  observed  in  the  spectra*  of  the 
preparations  submitted  by  the  University  of  lUinois.  Lines  so 
marked  may  be  due  to  impurities,  but  it  is  very  probable,  since 
most  of  them  are  faint,  that  they  failed  to  appear  on  the  spectro- 
grams because  the  exposures  were  not  sufficiently  long.  The 
letters  and  symbols  in  the  explanatory  columns  have  the  followii^ 
significance: 


R— tevcned.  • 

VHshaded  to  violet. 

A~prabable  enor  of  o.oooAto  o.oioA. 

B— piDbable  enor  c^  o.oio  A  to  o.oao  A. 

CKpfobable  emt  of  o.oao  A  ta  0.030  A. 

D— probable  error  >o.03o  A. 

T^—nnly  one  detenDinatioii. 


b^brood. 
coin— coincideiit , 
d— double. 
i—gbaft. 

l=8baded  to  red. 

Ii»baiid  head. 

popart  of  band  atmctme. 

Lines  with  probable  errors  A  and  B  were  measured  three  times 

cnrmore.  

1.  TTTRIDH 

About  175  lines  in  the  arc  spectrum  of  jrttriumwere  measured 
between  the  limits  5503  A  and  7883  A.    Of  these,  approximatdy 


Digitized  byGoOgle 


322 


Scientific  Papers  of  the  Bureau  of  Standards 


one-fiftii  are  the  heads  of  baods  which  f onn  a  pj-ominent  feature 
of  the  orange  and  red  regions  of  the  yttrium  q)ectrum.  Pro- 
longed exposures,  up  to  five  hours  in  length,  failed  to  show  any 
lines  in  the  spectrum  beyond  that  at  7881.87  A. 

The  yttrium  oxalate  received  from  the  University  of  lUiuoia 
was  very  pure,  the  only  imptuities  present,  if  any,  beii^  indicated 
by  several  faint  lines  which  occur  also  in  the  spectra  of  lanthanum 
or  erbium.  These  lines  are  marked  in  the  second  column  of  Table  i. 
The  yttrium  chloride  received  from  Eimer  and  Amend  contained 
a  considerable  amotmt  of  calcimn,  but  was  uncontaminated  by 
other  rare  earths. 

An  extensive  study  of  the  spectrum  of  yttrium  has  been  made 
by  Eder.*  Using  yttriiun  sulphate  prepared  by  C.  Auer  vtm 
Welsbach  he  has  measured  the  arc  spectnmi  from  2231  A  to  78S1  A. 
An  earlier  work  by  Bder'  gives  practically  the  same  list  of  lines 
in  the  orange  and  red  regions. 

In  genexal,  the  agreement  between  his  two  sets  of  results  and 
those  presented  here  is  veay  good.  Slight  discrepancies,  not 
accounted  for,  are  the  appearance  in  each  list  of  wave  lengths  of 
faint  lines  not  to  be  found  in  the  other. 

TABLE  .1— Afc  SpectniiD  of  Tttrinm 
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TABIE  I.— Are  SpKtnoB  of  TtMoat— ContiMied 
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2.  LAimuirtni 

In  tiie  regions  studied,  the  spectrum  of  lanthanum  is  charac- 
terized by  numerous  lines  of  intensity  3  or  greater.  Superposed 
on  the  line  spectrum  is  a  banded  spectrum  which  remains  promi- 
nent out  into  the  infra-red  regions.  In  all,  about  400  lines, 
including  band  heads,  are  tabulated  below  between  the  limits 
5501  A  and  9079  A.  Both  samples  of  lanthanum  analyzed  were 
very  pure.  Lines  suspected  as  not  being  true  lanthanum  lines 
are  appropriately  marked.  Among  these,  the  two  at  6262.30  A 
and  6645.19  A  agree  very  closely  with  the  strongest  lines  in  the 
red  region  of  the  spectrum  of  europium. 

Bder  and  Valenta  *  have  measured  on  the  Rowland  scale  the 
arc  spectrum  of  lanthanum  between  the  limits  5455  A  in  the 
green  and  7066  A  in  the  red.  Shortly  afterwards  they  also  pub- 
lished measurements  of  heads  of  bands  observed  in  the  lantha- 
num arc.»  A  later  work  by  Eder  "  using  various  compounds 
of  lanthanum  prepared  by  C.  Auer  von  Welsbach  resulted  in  the 

•Kabrr,  AkwL  dcr  Wim  Sttz.,  -Wim.,  11*,  Ha,  p,  w;  >«'<k 
•  Eaiicr.  AlwLds  WiabSiU..  WIsl.  lit.  Da.  p.  mi;  i«ia. 
M  Ealicr.  Abid.  dcr  Wus.  SlU..  Witn.,  til,  Ua,  p.  3304:  'SM- 

66832"— 21 2 


Digitized  byGoOgle 


324 


Scientific  Papers  of  the  Bureau  of  Standards 


iVAtr 


determination  of  about  120  wave  lengths  in  international  units 
in  the  red  from  6468  A  to  8051  A.  The  stronger  lines  of  his  list 
are  in  close  agreement  with  the  wave  lengths  given  below;  but 
among  his  faint  lines  are  many  not  to  be  found  in  the  accom- 
panying table.  In  like  manner,  Table  2  contains  faint  lines  not 
to  be  found  in  Eder's  list. 

TABLE  Zp— Aic  Spectmm  of  Lantbaimm 
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Table  3  contains  about  1 700  lines  in  the  arc  spectrum  of  ceriun 
between  the  limits  5500  A  and  9025  A.  Most  of  the  lines  are 
faint ;  that  is,  of  intensity  2  or  less.  A  band  spectrum  is  indicated 
by  the  presence  of  a  few  band  heads,  but  this  feature  does  not 
display  the  prominence  in  ceriimi  that  it  does  in  yttrium  and 
Iftntlmpnm. 

Using  cerium  ammonium  nitrate  and  cerium  chloride  prepared 
by  C.  Auer  von  Welsbach,  Eder  and  Valenta  "  measured  the 
arc  spectrum  of  cerium  from  4800  A  to  7253  A  on  the  Rowland 
scale.  A  later  work  by  Eder"  yielded  wave  lengths  between 
6466  A  and  8035  A,  expressed  in  the  international  units.  In  the 
regions  common  to  their  work  and  that  done  at  the  Bureau  of 
Standards  there  is  very  good  agreement  between  the  two  sets  of 
resttlts. 

TABLE  3. — Arc  Spectnim  of  C«riam 
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IV.  SUMMARY 

The  yellow,  red,  and  infra-red  regions  of  the  arc  spectra  of 
yttrium,  lanthanum,  and  cerium  have  been  photographed  with 
various  concave  gratings  in  the  spectrograph  of  the  Bureau  of 
Standards.  Plates  specially  sensitized  with  the  dyes  pinacyanol, 
fcryptocyanin,  and  dicyanin  were  used  for  mating  the  spectro- 
grams. Two  sets  of  materials  were  burned  in  copper  or  graphite 
arcs  to  furnish  the  luminous  sources  studied.  These  consisted  of 
the  chlorides  of  yttrium  and  lanthanum  and  the  nitrate  of  ceriimi 
obtained  from  Bimer  and  Amend ;  and  the  oxalates  of  yttriiun  and 
lanthanum  and  the  oxide  of  cerium  obtained  from  the  chemical 
laboratory  of  the  University  of  Illinois,  where  they  were  prepared 
under  the  direction  of  Prof.  B.  S.  Hopkins.  The  tables  contain  a 
total  of  about  2300  wave  lengths,  many  of  which  are  heads  of 
bands.  In  yttrium  about  175  lines  were  measured  from  5003  A 
to  7882  A  where  the  spectrum  seems  to  end  abruptly.    In  lan- 
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thanuin  abu.  400  lines  were  measured  between  5501  A  and 
9079  A;  and  in  cerium  1700  lines  were  measured  between  5500  A 
and  9025  A. 

To  F.  J.  Stimson  and  Mr.  Myers  credit  is  due  ior  assistance 
in  the  securing  and  reduction  of  many  of  the  spectrograms,  to 
Prof.  B.  S.  Hopkins,  of  the  University  of  Illinois,  for  the  generous 
samples  of  materials  used  in  the  work,  and  to  Prof.  J.  S.  Ames, 
of  Johns  Hopkins  University,  for  the  loan  of  the  severaj  gratings 
with  which  some  of  the  work  was  d<»ie. 
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PART  a— THE  PREPARATION  OF  PURE  RfiJtZ  EARTH 
ELEMENTS 


Br  B.  S.  HopUns  and  H  C  Krema* 


At  tlie  UniverritT  al  lUinois  compaunda  al  Ce,  Sa,  La,  Nd,  aad  Gd  wm  cxttncted 
from  aodinin  nire-«aith  sulphate,  donated  by  the  Welsbach  Co.;  and  compoimds  of 
ytQiiuu,  dy^MDnum,  and  erbhun  were  extracted  from  g[adoIiiiite  obtained  trom 
Ndnwy  and  l^acai,  and  fmm  m  cotaUte  prepared  bom  xenotimt. 

Cerhm)  was  removed  from  the  WcIiImcIi  reaiduea  by  boUiiif  the  actitnd  sohition 
with  potaannm  bromate  to  precipitate  basic  eerie  nitrate.  After  removal  of  Ce,  Sa 
waa  cancentratcd  at  the  anluble  end  of  a  majpiwrimii  double  nitrate  series  c^  bactionBl 
oystallizationi,  and  La  at  the  Inaohible  end  of  the  series,  the  middle  fractiona  of  the 
■cfies  being  used  in  the  preparatibn  of  Nd.  Gd  was  obtained  from  the  fractions  at 
die  nhible  end  of  the  aefiea,  Sa  being  neariy  all  removed  by  adding  bismuth  mag> 
neHomniOate. 

Hie  yttriiun-gfoap  mateiial  waa  first  freed  tnm  the  cerlnm-gnmp  elemeata.  It  waa 
then  converted  to  bromate  and  subjected  to  a  long  seiiea'af  fractional  crystallixationa. 
Rom  (he  wiona  bromate  fraetioni,  Y,  Dy,  and  Br  Mn  prepared,  ttapectively.  Y 
pnb^ly  'fi'*"''*^  not  more  than  o.w;  per  cent  Ho  oad  ma  Kamttbly  free  bom 
other  ewthi.  The  beat  Munplea  of  Dy  oontaiiied  lo&ic  Tb  md  Ho;  afed  the  btat  Bt 
fractiona  contained  oonddemble  Y  and  ptQbafale  (null  amounts  of  other  tare  eartha. 


I.  nnvoDvction 

The  work  upon  the  rare  earths  which  has  been  in  progress  for 
several  years  at  the  University  of  Illinois  has  been  concerned  with 
both  thecerium-group  and  yttrium-groupelements.  Of  the  cerium- 
group  elements,  compounds  of  samariiun,  \»ritharntm^  neodymium, 
cerium,  and  gadolinium  have  been  furnished  to  the  Bureau  of 
Standards  for  the  accurate  meastuement  of  spectrum  Lines.  These 
materials  were  practically  all  derived  from  the  same  source,  which 
was  a  shipment  of  182  kg  of  sodium  cerium-group  sulphates 
obtained  through  the  courtesy  of  the  Welsbach  Co.,  of  Gloucester, 
N.  J.,  and  its  chief  chemist,  Dr.  H.  S.  Miner.  The  early  steps  in 
the  purificaticMi  of  conipounds  of  these  elements  are  identical,  and 
consequently  the  process  is  described  tmder  the  first  elements, 
ceritun  and  samarium,  and  the  descrq>tion  for  the  other  elonents 
is  taken  up  where  each  is  separated  from  the  general  process. 

The  materials  from  the  yttrium  group  include  compoimds  of 
yttrium,  erbium,  dysprosium,  and  gadolinium.     The  sources  of 
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T  x)  kg  of  gadolinite  which,  came  from  Norway 

Xh  oxalates  which  had  been  prepared  from 
.^sed  from  Drossbach  &  Co.,  Freibm^,  Saxony. 
.  gadolinite  were  obtained  from  the  deposit  at 
^1,  Tex.    The  first  steps  in  the  puiificatiou  of  these 
are  identical,  since  the  elements  of  this  group  resemble 
..other  closely  in  properties.     When,  however,  the  material 
^  treated  for  some  time  by  the  method  of  fractional  crystalliza- 
tion, separations  began  to  appear,  and  each  element  was  in  turn 
separated  from  the  general  process.     Accordingly,  in  this  descrip- 
tion the  treatment  of  the  ore  and  the  first  steps  in  the  separation 
are  explained  under  yttrium,  while  the  discussion-  of  the  other 
elements  is  taken  up  at  the  point  where  each  was  removed  from 
the  general  process. 

n.  THE  CERinU  GROUP 
1.  CERIUM  " 

The  rare  earth  residues  obtained  from  lihe  Welsbach  Co.  were 
chiefly  the  sodium  double  sulphates  of  lanthamun,  praseodymium, 
.neodymimn,  samarium,  gadolinium,  and  <XTium,  with  small 
amounts  of  europium  and  the  yttriiuu-group  elements.  These 
double  sulphates  were  boiled  for  a  few  hotu^  with  a  50  per  cent 
sodium  hydroxide  solution  until  they  were  completely  disinte- 
grated. The  mass  was  dflnted^  -and  tht  resulting  hydroxides 
filtered  and  washed  with  boiling  water  until  free  from  sulphates. 
The  hydroxides  were  r'tssolved  In  nitric  acid,  arid  the  rare  earths 
precipitated  from  hot  solution  by  oxalic  acid.  After  a  thorough 
washing  on  a  Bfichner  funnel  with  hot  water,  the  oxalates  were 
drained  as  dry  as  possible  and  dissolved  in  piu-e  nitric  acid.  The 
resulting  nearly  neutral  solution  was  heated  to  boiling  and  potas- 
sium bromate  added  in  10  g  portions  as  proposed  by  James  and 
Pratt."  When  the  liberated  acid  became  strong  enough  to  set 
free  the  fumes  of  bromine,  lumps  of  marble  were  added  to  keep 
the  solution  neutral.  Then  the  solution  was  boiled  until  the 
cerium  present  was  thrown  down  sis  the  deep  yellow,  insoluble 
basic  eerie  nitrate.  This  operation  was  continued  until  all  but 
about  I  per  cent  of  the  cerium  had  been  removed.  This  point 
is  determined  roughly  by  the  intensity  of  the  color  of  the  pre- 
cipitate formed  in  the  hydrogen  peroxide  test  for  cerium  and  also 
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by  the  fact  that  the  last  portions  of  cerium  are  thrown  down 
very  slowly  by  this  treatment. 

In  this  manner  almost  chemically  pure  cerimn  was  separated. 
About  I  per  cmt  was  left  in  the  solution  because  if  an  attempt 
had  been  made  to  precipitate  the  last  of  the  cerium  in  the  same 
manner  it  would  have  been  contaminated  by  other  rare  earths. 

The  basic  eerie  nitrate  was  filtered  off  and  washed  thoroughly 
with  a  5  per  cent  solution  of  ammonium  nitrate,  which  prevented 
the  precipitate  from  becoming  colloidal.  The  cerium  material 
was  then  dissolved  in  nitric  acid  with  the  aid  of  a  little  alcohol 
and  again  precipitated  as  the  basic  eerie  nitrate  in  the  same  man- 
ner as  before.  After  another  thorough  washing  the  material 
was  once  more  converted  to  the  nitrate.  A  20  cm  layer  of  this 
solution  showed  no  absorption  lines,  when  viewed  with  a  spec- 
troscope. 

The  final  purification  consisted  in  precipitation  of  the  oxalate 
in  the  presence  of  free  nitric  acid,  followed  by  a  thorough  washii^ 
of  the  precipitate.  This  process  was  repeated  twice  more  and 
finally  the  oxalate  was  converted  to  the  oxide  by  ignition  in 
platinum. 

t.  SAlUItIUH» 

The  solution  from  which  most  of  the  ceriimi  material  had  been 
removed,  as  just  described,  was  boiled  still  further  to  remove  the 
last  traces  of  cerium,  an  excess  of  marble  being  present  to  keep  the 
solution  neutral.  In  this  manner  all  the  remaining  cerium  and 
a  small  amount  of  the  other  rare  earths  were  thrown  down.  The 
boiling  was  continued  until  a  small  filtered  portion  of  the  solution 
failed  to  respond  to  the  hydrogen  peroxide  test  for  cerium.  When 
this  point  was  reached,  the  residue,  which  consisted  of  a  mixture 
of  marble  and  eerie  basic  nitrates  intermingled  with  some  of  the 
other  rare  earths,  was  filtered  off.  Then  the  remaining  rare  earths 
were  precipitated  from  a  boiling  solution  by  hot  oxalic  acid 
solution.  The  precipitated  rare  earth  oxalates  were  washed 
thoroughly  first  by  decantation  and  then  on  a  large  BQchner  funnel. 
The  oxalates  were  dried  in  an  air  bath  and  ignited  in  an  electric 
furnace  and  the  resultant  oxides  dissolved  in  nitric  add.  A 
quantity  of  nitric  acid  equal  to  that  used  in  the  solution  of  the 
rare  earth  oxides  was  neutralized  by  adding  magnesium  oxide. 
The  two  nitrate  solutions  were  then  filtered,  mixed,  and  evapo- 
rated until  crystals  of  the  magnesium  rare  earth  nitrate  began  to 
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fonn  on  the  surface.  To  prevent  the  formation  of  a  crust  cm  the 
surface  as  the  solution  cooled,  a  layer  of  water  was  added  care- 
fully and  the  dish  left  undisturbed  for  24  hours.  At  the  end  of 
this  time  the  solution  was  thoroughly  drained  off  from  the  crystals 
and  both  crystals  and  mother  liquor  put  through  the  process  of 
fractional  crystallization.  Whenever  the  solution  at  the  insoluble 
end  no  longer  showed  in  the  spectrum  the  absorption  lines  of 
neodymium,  this  dish  was  set  out  of  the  series  and  reserved  for 
work  on  lanthanum  and  praseodymium.  When  the  soluble  end 
began  to  crystallize  poorly,  this  portion  was  diluted,  filtered,  and 
the  rare  earths  separated  from  other  soluble  salts  by  precipitatiwi 
with  oxalic  add.  The  fracticmation  was  continued  as  long  as 
samarium  continued  to  appear  at  the  soluble  end. 

When  it  became  evident  that  the  samarium  had  all  been  removed 
from  the  series,  the  oxalates  from  the  soluble  end  were  ignited 
and  again  converted  into  the  magnesium  rare  earth  nitrate  by 
the  method  aheady  described.  The  second  fractionation  was 
carried  out  in  the  same  manner  as  before  with  the  object  of  more 
completely  separating  samarium  and  neodymitmi.  When  the 
abs(Mnption  bands  of  neodymium  disappeared  from  any  fraction 
at  the  soluble  end  it  was  set  out  of  the  series  and  the  samarium 
precipitated  by  oxalic  acid.  When  the  samarium  lines  dis- 
appeared from  any  fraction  at  the  insoluble  end  it  was  set  out 
for  the  preparation  of  pure  neodymium  material. 

The  samarium  oxalate,  prepared  as  stated,  contained  appre- 
ciable amoimts  of  gadolinium,  some  europium,  and  most  of  the 
yttrium  group  earths  contained  in  the  original  monazite  residues. 
To  free  the  samarium  from  the  yttrium-group  elements  the  method 
of  fractional  crystallization  of  the  magnesium  double  nitrate  in 
30  per  cent  nitric  acid  was  used.  After  180  fractionations  in  this 
manner  it  was  found  that  practically  all  the  yttrium  earths  had 
been  removed.  Double  magnesium  bismuth  nitrate  was  then 
added  at  the  soluble  end  of  the  series,  as  first  proposed  by  Urbain* 
and  Lacomb."  The  fractionation  was  now  continued  in  the 
same  manner  as  formerly,  with  the  samarium  coming  out  at  the 
insoluble  end,  with  the  bismuth  salt  next,  and  the  europium  and 
gadolinium  following  in  order  at  the  soluble  end.  As  the  frac- 
tionation continued  the  concentration  of  the  nitric  acid  solvent 
increased  to  50  per  cent  or  more,  which  probably  aided  the  com- 
plete isolation  of  samarium.  After  35  fractionations  in  this 
manner,  the  material  at  the  insoluble  end  was  thought  to  be  pure 
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samarium,  since  no  absorption  lines  other  than  samarium  had 
been  visible  for  some  time.  Accordingly  atomic  weight  determi- 
nations, using  the  oxide  to  chloride  ratio,  were  nm  on  6  fractions, 
as  follows: 

FncdmNa.  Atonkinl^ 

9 'SS-3S 

«> '34-3" 

»i i5a-64 

" *S3-«i 

13 153.60 

'4 153-8' 

The  lack  of  tinifonnity  in  the  results  and  the  high  values  were 
interpreted  as  indicatii^  considerable  variations  in  the  composi- 
tion of  the  hactions.  Accordingly  the  fractionation  was  con- 
tinued through  150  additional  crystallizaticms,  and  then  the 
atomic  wd^its  of  fractions  32  to  43  determined  by  the  same  ratio. 
The  values  obtained  in  this  second  series  were  somewhat  lower 
than  in  the  first,  but  again  there  was  a  discouraging  lack  of  checks 
upon  duplicate  analyses.  Several  considerations  pointed  to  the 
fact  that  the  oxide-chloride  ratio  was  at  fault.  Wh^i  the  same 
material  was  used  in  detexmiiung  the  atomic  weight  by, the 
chloride-silver  ratio  splendid  results  were  obtained,  showing  that 
the  material  was  imiform  in  composition  and  free  from  other 
salts.  Eighteen  successful  determinations  made  on  material 
taken  from  14  different  fractions  gave  extreme  values  varying 
between  150.49  and  150.40,  with  a  mean  of  i5a43,  which  agrees 
with  the  accepted  value  1 50.4. 

The  material  sent  to  the  Bureau  of  Standards  was  taken  from 
these  purest  fractions,  the  final  purification  being  accomplished 
by  alternate  precipitatiois  as  hydroxide  and  oxalate. 
3.  LUrmAHDV  " 

Those  fractions  of  the  magnesium  double  nitrate  crystallization 
which  were  set  out  at  the  insoluble  end  of  the  series,  as  explained 
in  the  preceding  discussion,  contained  lanthanum  with  small 
amounts  of  praseodymium.  These  lanthaniun-rich  fractions  were 
then  removed  and  converted  into  the  double  ammonium  nitrates 
and  given  a  long  series  of  recrystallizations.  Lanthanum  can  best 
be  separated  from  small  amoimts  of  praseodymium  by  means  of 
the  double  ammonium  nitrates.  Since  praseodymium,  with  possi- 
ble small  amounts  of  neodymJum,  would  be  the  only  other  rare 
earths  present  here,  a  simple  absorption  spectrum  analysis  of  the 
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BoiuljDn  -would  indicate  the  purity  d  the  lanthannm.  The  purest 
TpTrt>inmtm  tbils  obtained  showed  no  absorbtioa  bancte  when  ob- 
served throogh  a  lo  cm  layer  of  the  concentrated  sotution.  The 
final  purification  of  the  lanthanum  material  was  accomi^iidied  by 
precipitatim  from  hot  solution  with  oxalic  acid  in  the  presence  of 
free  nitric  acid;  the  precipitate  was  thoroughly  washed,  dried, 
ignited,  and  redissolved  in  nitric  acid.  This  process  vras  repeated 
twice  more,  the  final  treatment  stopping  with  the  oxalate,  which 
was  the  material  supplied  for  spectrtnn  work. 

4.  IfEODTlUDH  " 

The  fractionation  of  the  neodymium-rich  portion  of  the  double 
magnesium  nitrate  series  from  which  the  lanthanum  had  been 
obtained  as  described  above  was  continued  for  some  time.  Since 
neod3nnium  is  more  abundant  than  any  other  earth  of  this  group, 
after  the  separation  of  cerium,  the  problem  of  obtaining  rdatively 
large  quantities  of  neodymium  of  high  pmity  is  not  difficult.  The 
concentration  of  neodymitmi  in  the  fractionation  of  the  doable 
magnesium  nitrates  is  more  rapid  than  that  of  any  other  earth 
whose  isolation  is  effected  by  fractional  crystallization  methods. 
Thus  if  the  fracrionaticm  of  a  series  oi  high-grade  neod;rminm 
material  of  several  kilograms  in  weight  is  continued  for  a  consid- 
erable length  of  time — e.  g. ,  some  hundreds  of  fractionations — the 
middle  fractions  will  consist  of  very  pure  material.  All  of  the 
lanthnn^i™  and  smaller  amounts  of  praseodymimn  together  with  a 
high  per  cent  of  neodymium  concentrate  toward  the  least  soluble 
end.  The  more  soluble  end  will  consist  of  a  high  per  cent  of 
neodymimn  of  course,  with  tbe  remainder  composed  moGtly  of 
samarium  plus  very  small  traces  of  gadoHnium  and  europiinn.  As 
fractionation  continued  in  the  above  aeries  the  end  fractions  were 
removed  from  time  to  time.  When  it  became  apparent  that  no 
further  concentration  of  the  middle  fractions  took  place  the  frac- 
tionation was  discontinued.  The  oxide  was  [arepared  by  the  same 
method  as  that  describe  under  cerium  and  lanthanum. 

5.  OADOLnnnH 

In  the  separation  of  the  yttrium  and  cerium  groups  with  dther 
potassium  or  sodium  sulphate,  the  terbium  group  of  earths  will 
be  divided  between  the  two  groups.  From  this  condition  it  fol- 
lows that  either  or  both  the  cerium  or  yttrium  group  may  be  taken 
as  the  source  of  gadolinium  material.    The  gadolinium  oxide 
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supplied  to  the  Bureau  of  Standards  fras  obtained  from  the 
cerium  group.  The  raw  material  originally  came  from  the  Wds- 
badi  Co.  as  previously  described. 

In  the  fracticmation  of  the  double  magnesium  nitra-tes  of  the 
cerium  group  the  increasing  solubility  of  the  earths  is  as  follows: 
Lanthanum,  praseodymium,  neodymium,  samarium,  europium, 
gadolinimn,  and  terbium.  The  more  soluble  end  of  this  series 
which  very  frequently  does  not  crystallize  well  will  contain  mostly 
samariimi,  europiuta,  gadolinium,  and  terbium.  The  soluble  end 
of  a  large  double  magnesium  nitrate  series  was  mixed  with  bis- 
muth nitrate  and  subjected  to  a  long  series  of  recrystallizations 
by  other  Vorkers  in  this  laboratory.  The  purpose  in  mind  was 
the  removal  of  the  samarium  at  the  insoluble  end  and  the  concen- 
tration of  the  gadoliniiun  at  the  soluble  end  of  the  series.  This 
separation  was  made  completely  by  taking  advant^e  of  the  fact 
that  bismuth-m^nesium  nitrate  is  isomorpbous  with  the  mag- 
nesiimi  rare  earth  nitrates  and  intermediate  in  solubility  between 
samarium  on  the  one  hand  and  gadolinium  on  the  other.  The 
fractions  obtained  at  the  soluble  end  showed  a  high  concentratitm 
of  gadolinium.  This  material  formed  the  basis  for  the  work  on 
gadoliniiun  by  Jordan  and  Hopkins."  These  authors  removed 
the  bismuth  and  magnesium  from  this  material  in  the  regular 
way  and  subjected  the  oxide  to  a  few  precipitations  with  oxalic 
acid.  The  atomic  weight  of  this  oxide  as  determined  by  the  per- 
manganate method  of  Gibbs  was  157.20.  This  value  seemed  to 
indicate  very  pure  gadolinium.  This  material  did,  however, 
show  some  samarium  absorption  lines  and  the  color  of  the  oxide 
indicated  some  terbium.  Since  the  atomic  weight  of  samarium 
is  150.4  and  terbium  159.3,  these  two  values  would  neutralize 
each  other.  Bettendorf**  discovered  that  if  gadolinium  oxide 
containing  small  amounts  of  terbium  oxide  was  gently  heated  in 
hydrogen  a  pure  white  oxide  resulted,  and  when  again  heated  in 
air  the  oxide  turned  brown.  The  present  authors  found  this  to 
be  the  case  with  respect  to.  the  material  at  hand.  This  was  then 
high-grade  gadolinium  with  small  amounts  of  samarium  and 
terbium  and  perhaps  traces  of  eiuopium. 

The  usual  methods  of  purification  for  the  preparation  of  the 
oxide  were  used;  that  is,  the  complete  removal  of  traces  of  bis- 
muth with  hydrogen  sulphide  and  several  alternate  precipitations 
with  freshly  prepared  ammonia  and  recrystallized  oxalic  acid. 
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The  gadolinite  was  pulverized  in  a  ball  mill,  treated  with  an 
excess  of  HCI  to  which  a  little  HNO,  was  added  occasionally. 
After  complete  decomposition  the  silica  was  dehydrated  and 
filtered  off,  then  the  rare-earth  material  was  precipitated  from  a 
slightly  acid  solution  with  oxaUc  acid,  both  solutions  being  hot. 
The  rare  earth  oxalate  prepared  in  this  way  was  mixed  with  the 
purchased  oxalate  derived  from  xenotime.  The  dry  oxalates 
were  converted  to  anhydrous  sidphates  by  mixing  with  enough 
concentrated  sulphiuric  acid  to  form  a  thick  paste  and  then  heating 
till  ftmies  were  no  longer  given  off.  The  sulphates  were  dissolved 
in  ice  water  and  solid  soditnn  sulphate  sifted  in,  the  solution  being 
stirred  continuously.  The  addition  of  sodium  sulphate  was 
continued  until  a  3-inch  layer  of  the  solution  did  not  show  the 
absorption  lines  of  neodymitmi,  when  it  was  assumed  that  the 
relatively  smiall  per  cent  of  the  cerimn  group  elements  present 
was  nearly  all  precipitated.  The  solid  cerium-group  sodium 
sulphates  were  filtered  off  and  set  aside,  the  solution  containing 
the  more  soluble  yttrium-group  sodium  sulphates  was  first  treated 
with  ammonium  hydroxide  and  the  precipitated  hydroxides 
were  washed  very  thoroughly  to  remove  the  sodiima  salts.  The 
hydroxides  were  dissolved  in  hydrochloric  add  and  precipitated 
from  hot  solution  by  oxaUc  acid. 

The  first  method  of  fractionation  used  was  the  method  of 
fractional  crystallization  of  the  bromates  as  proposed  by  James.** 
The  bromates  were  prepared  by  adding  to  a  solution  of  the  rare- 
earth  sulphates  a  hot  solution  of  barium  bromate.  The  bromate 
solution  was  added  slowly,  the  solutions  being  thoroughly  agi- 
tated by  a  mechanical  stirrii^  device.  The  rare  earth  bromate 
solution  was  filtered  off  and  subjected  to  fractional  crystallization, 
the  progress  of  the  separation  being  observed  by  a  direct  vision 
spectroscope.  After  a  few  hundred  series  of  fractionations  had 
been  carried  out,  it  was  found  that  certain  portions  of  the  series 
showed  the  color  and  absorption  lines  characteristic  of  various 
members  of  the  group.  As  the  fractional  crystallization  of  the 
main  series  continued,  certain  portions,  showing  sufficient  con- 
centration of  the  individual  earths,  were  set  out  of  the  main 
series  forming  a  nimiber  of  smaller  subseries,  whose  treatment  was 

*  Tbe  prcUmlnair  ihuUcuIob  oI  rtulom  material  m*  dgnc  by  Dr.  J.  E 
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continued  for  the  purpose  of  further  purification  of  the  elements 
present. 

The  richest  yttrium  material  selected  from  the  fractional  crystal- 
lization of  the  bromates  was  precipitated  by  oxalic  acid,  ignited 
to  the  oxide  and  the  dry  oxide,  mixed  with  the  calculated  amount 
of  chromic  acid  in  an  8-Iiter  round-bottom  Jena  Sask.  After 
thorough  mixing,  a  small  amount  of  water  was  added,  when  a 
violent  reaction  took  place.  Water  was  then  added  until  the 
flask  was  about  half  fuU,  then  a  id  per  cent  solution  of  potas^um 
duxmiate  was  added  with  shaking,  until  a  faint  cloudiness  indi- 
cated that  a  permanent  precipitate  had  begun  to  form.  The 
material  was  then  heated  to  boiling  on  a  sand  bath,  a  lively  current 
of  steam  was  passed  into  the  soltttion  to  prevent  the  precipitate 
from  collecting  on  the  bottom  and  10  per  cent  solution  of  potassium 
chromate  was  added  drop  by  drop  from  a  separatory  funnel.  The 
amount  of  chromate  added  was  determined  by  the  size  of  the 
precipitate  desired.  After  adding  the  precipitant,  boiling  was 
continued  for  from  one  to  two  hours,  the  steam  and  burners  being 
so  regulated  that  the  volume  of  solution  remained  constant. 
Finally,  the  material  was  cooled,  the  precipitate  filtered  out,  dis- 
solved in  hydrochloric  acid,  a  few  cubic  centimeters  of  alcohol 
added  to  reduce  the  chromate,  and  the  rare  earth  precipitated 
with  oxahc  acid. 

The  chromate  method  of  fractional  precipitation  was  foimd  to 
be  efficient  for  removing  from  the  yttrium  material  all  of  the  rare 
earths  present  except  erbium  and  holmitmi.  From  this  treatment 
nearly  400  g.  were  obtained,  with  an  average  atomic  weight  of  90.3, 
as  determined  by  the  oxide  to  sulphate  ratio.  The  absorption 
spectra  of  this  material  showed  ccmsiderable  holmium  and  etijinm 
but  none  of  the  other  rare  earths. 

Purification  by  fractional  precipitation  with  dilute  ammonia 
was  carried  out  on  two  series  of  salts.  One  was  obtained  from  the 
best  fractions  of  the  chromate  fracticmation  (called  the  H  series) 
and  the  other  included  246  g  of  yttrium  oxalate  prepared  in  a 
similar  manner,  but  showing  no  holmium  lines  (called  the  B 
series) .  In  both  series  the  rare  earth  chlorides  were  dissolved 
in  water  and  diluted  largely.  Then  2  or  3  liters  of  ammonia  of 
approximately  o.oi  N  strength  were  added.  Under  these  condi- 
tions no  precipitate  appeared  when  the  solutions  were  first  mixed 
but  on  standing  several  hours  a  cloudiness  appeared  and  after  24 
hours  a  slight  precipitate  collected  in  the  bottom  of  the  flask. 
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After  tbe  precipitate  was  filtered  out  and  puri&ed  the  filtrate  was 
evaporated  to  its  original  volume  and  the  process  repeated.  The 
H  series  was  fractionated  43  times  in  this  way  and  the  E  series  37 
times,  the  average  fraction  w^ghing  about  3.1  g.  The  fractions 
of  the  H  series  below  ntmiber  30  showed  a  constant  atomic  weight 
of  89.9,  with  holmitun  lines  still  prominent,  but  very  little  erbimu. 
The  E  series  shows  an  atomic  we^ht  of  88.7  in  the  tractions  below 
niunber  25,  the  lower  value  being  attributed  to  the  absence  of 
holmium,  which  the  ammonia  precipitation  does  not  remove 
efficiently.  The  low  atomic  weights  found  are  probably  due  to 
the  fact  that  the  values  were  obtained  by  a  method  which  gives 
lower  results  than  the  oxide  to  sulphate  ratio. 

The  purest  fractions  from  both  the  £  and  H  series  of  ammonia 
precipitations  were  further  purified  by  fractional  precipitation  with 
aodiimi  nitrite  following  in  general  the  method  of  Holden  and 
James.**  Th^  method  consists  in  adding  a  strong  solution  of 
sodium  nitrite  to  a  dilute  solution  of  rare  earth  material  which  has 
been  carefully  neutralized,  and  then  boiling  for  a  time,  usually 
about  one  hour.  It  was  ^und  that  the  purification  took  place 
somewhat  more  rapidly  if  the  rare  earth  solutions  were  sufficiently 
dilute  so  no  precipitate  formed  when  the  ammonia  was  added. 
On  boiling,  the  precipitate  appeared.  After  standing  some  hours, 
the  precipitate  was  filtered  out,  dissolved  in  nitric  acid  and  purified, 
while  the  mother  liquor  was  again  fractionated.  The  best  material 
from  the  H  ammonia  series  was  fractionated  as  the  N  series,  which 
was  split  into  8  fractions,  the  last  4  of  which  showed  an  entire 
absence  of  color,  while  the  first  4  fractions  showed  a  decreasing  pink 
color,  indicating  that  erbium  was  concentrated  in  the  first  pre- 
cipitates. Fractions  N„  N«,  N„  and  N,  showed  a  constant  atomic 
we^ht  of  88.8  by  the  Gibbs  method,  wlule  fractions  N^  and  N,  gave 
a  value  of  87.6.  In  spite  of  the  fact  that  N,  and  N^  showed  a  very 
faint  pink  tint,  it  was  concluded  that  fractions  N„  N4,  N„  and  N, 
were  presumably  more  nearly  uniform  than  the  last  4  fractions. 

The  fall  in  atomic  weight  shown  at  N^  was  thought  to  be  due 
to  the  presence  of  some  more  basic  material  such  as  scandimn  or 
sodium.  No  trace  of  scandium  was  revealed  by  test  with  a 
satiu^ted  KjSO^  solution.  The  presence  of  sodium  in  these  last 
fractions  was  considered  probable  because  in  the  method  of  frac- 
tionation the  mother  liquor  becomes  heavily  loaded  with  sodium 
salts.     Accordingly  N,  and  N,  were  very  thoroughly  purified  by 
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alternate  precipitaticms  with  ammonia  and  oxalic  add,  tt^ether 
with  two  precipitations  with  ammonium  sebacate.  In  spite  of 
these  steps  the  atomic  we^ht  of  fractions  N,  and  N|  remained 
unchanged,  and  no  eizplanatiim  has  yet  been  made  for  th»  peculiar 
fact.  To  prevent  the  possible  use  of  material  d  lower  atomic 
wei^t,  fractions  N,  and  Ng  were  set  aside  and  fractions  Nb,  N«,  H„ 
and  N(  were  combined,  giving  106.2  s^  of  material  of  average  atomic 
wei^t  of  SS.87.  This  material  was  fractionated  again  by  the 
nitrite  method  as  series  O,  six  fractiaas  being  obtained.  The  first 
2  fractiaas  showed  the  coocentratioa  of  the  erbium  in  the  faint  pink 
color  and  atomic  weights  89.18  and  89.42,  respectiv^y.  Frac- 
tions 0(,  0«,  0|,  and  O.  were  white,  with  atomic  weights  Wn  Si.69 
to  88.42. 

A  quantity  of  yttria  corresponding  to  37  g  of  the  oxide  was 
collected  from  the  best  fractions  of  the  B  ammonia  series.  This 
was  split  into  five  fractions  by  the  soditmi  nitrite  method  forming 
series  R.  All  of  the  fractions  were  pui%  white  and  showed  a  con- 
stant atomic  we^ht,  the  values  obtained  varying  between  S8 .58  and 
88.40,  vrbKh  is  only  slightly  more  than  the  probable  exfierimental 
error  of  the  Gibbs  method.  Both  these  fractiwis  and  the  O 
fractions  showed  very  faint  holmium  lines  when  viewed  through 
an  accurate  spectroscope  looking  through  a  5  cm  layer  of  concen- 
trated solution.  By  comparison  of  this  line  with  a  standard 
holmium  solution  it  was  estimated  that  the  amount  of  holminm 
present  could  not  exceed  0.005  P^  cent. 

The  work  of  preparing  the  pure  yttria  was  performed  by  Bgan 
and  Balke,*^  and  by  Hopkins  and  Balke.**  Additional  details  are 
to  be  found  in  these  papers. 

Of  the  fractions  prepared  as  described,  0«,  O^,  0«,  R,,  R«,  and 
R,  were  used  for  the  <ktermination  of  atomic  weight  as  described 
by  Hopkins  and  Balke.  Portions  of  the  same  material  w»e  nsed 
by  Krenaers  and  Hopkins  **  for  the  determination  of  the  atomic 
we^ht  by  the  chloride  to  silver  ratio.  The  value  obtained  by 
the  latter  method,  89.33,  has  been  accepted  by  the  International 
Committee.*^  The  material  supplied  the  Bureau  of  Standards 
was  taken  from  the  mixed  O^.,  fractions. 

tij.  AiiLCliaii.Soc,U.P.  3«]:  nn. 
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2.  DTSPROSnnC 

The  dysprosium  material  came  entirely  from  the  gadolinite 
and  xenotime  oxalate  previously  mentioned.  From  the  main 
series  of  bromate  fractions  there  were  set  out  subseries  C  and  D, 
as  described  by  Engle  and  Balke.*'  These  were  further  frac- 
tionated as  the  bromates  for  the  concentration  of  dysprosium. 
After  a  long  series  of  fractionation,  series  D  indicated  a  high 
concentration  of  dysprosium  collecting  toward  the  middle  frac- 
tions. Small  amounts  of  neodjrmiimi  and  praseodymium  had 
continually  collected  toward  the  less  soluble  end  and  were  removed 
from  time  to  time.  Likewise  the  fraction  showing  stronger 
holmium  bands  had  been  removed  from  the  more  soluble  end 
from  time  to  time.  Series  C,  which  was  composed  mostly  of 
dysprosium  and  holmium,  with  very  small  amounts  of  terbium 
and  other  earths,  after  a  long  series  of  fractionation  indicated  a 
concentration  of  high-grade  dysprosium  in  the  less  soluble  end. 

The  dysprosium-rich  material  from  series  D  was  then  converted 
into  a  nitrate  series.  Bismuth  nitrate  was  also  added  to  the 
nitrate  series  with  the  hope  that  in  the  course  of  the  fractionation 
the  bismuth  would  aid  the  separation  of  the  small  amounts  of 
terbium  from  the  dysprosium.  After  50  series  of  fractionations 
no  marked  separation  had  taken  place  and  the  series  was  con- 
verted to  the  ethyl  sulphates. 

The  oxides  obtained  by  Engle  and  Balke"  from  the  simple 
nitrate  series  were  dissolved  in  the  calculated  amount  of  ethyl 
sulphuric  acid  which  was  0.63  normal.  The  neutral  solution  so 
obtained  was  warmed  gently  under  diminished  pressure  until 
quite  concentrated  and  then  air  was  blown  over  the  surface  until 
crystals  began  to  form.  The  series  was  then  fractionated  in  the 
usual  manner,  using  absolute  alcohol  as  a  solvent,  since  the  ethyl 
sulphates  hydrolyze  badly  in  aqueous  solution,  especially  if  a 
trace  of  free  acid  is  present.  In  dissolving  the  crystals  it  was 
necessary  to  use  a  steam  bath  at  a  temperature  no  hotter  than 
the  band  could  bear  with  comfort.  If  precautions  are  taken  to 
prevent  the  hydrolysis  of  the  ethyl  sulphates,  this  method  of 
fractionation  is  found  to  be  very  useful,  since  there  is  much  less 
tendency  to  form  supersaturated  solutions  than  in  a  bromate  or 
nitrate  series,  and  in  addition  the  separation  of  dysprosium  is 
quite  satisfactory.  After  so  series  of  fractionation  as  the  ethyl 
sulphates,  series  D  indicated  that  practically  all  the  neodymium 
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and  praseodymium  had  been  removed  at  the  least  soluble  end 
and  the  dysprosium-rich  fractions  contained  traces  of  terbium. 

The  dysprosium'-riich  fractions  of  series  C  were  also  converted 
to  the  ethyl  sulphates  and  fractionated  for  some  time.  High- 
grade  dysprosium  material,  with  some  holmium  and  traces  ci. 
terbium,  was  obtained  from  this  series.  At  this  point  all  fraction- 
aticm  of  the  dysprositmi  material  was  discontinued  by  these 
workers  and  their  time  directed  toward  ttie  accurate  detemiina- 
tion  of  the  atomic  weight  of  dysprosium. 

The  further  purification  of  this  dysprosium  material  was  later 
continued  as  published  by  Kremers,  Hopkins,  and  Engle.**  Series 
C  as  left  by  the  former  workers  contained  a  fraction  erf  i  per  cent 
of  terbium  with  s%ht  amounts  of  neod)rmium  and  praseodymium 
toward  the  less  soluble  end.  Holmium  was  contained  in  all  the 
fractions.  This  series  was  fractionated  65  times.  Practically  all 
of  the  neodymium  and  praseodymium  had  been  removed.  The 
cokir  of  the  oxide  indicated  slight  amounts  of  terbium  still  present. 
The  holmium  was  not  removed  by  this  method. 

Series  I)  contained  besides  the  dysprosium  only  traces  of  ter- 
bium. After  60  series  of  fractionations  small  amounts  of  terbiiun 
still  remained,  ahhongh  a  considerable  amount  had  concentrated 
toward  the  least  soluble  end. 

The  dysprosium  oxide  was  prepared  as  follows:  The  alcoholic 
solution  of  the  ethyl  sulphates  was  diluted  with  water,  a  few  cubic 
centimeters  of  dilute  sulphuric  acid  added,  and  the  solution  heated 
to  boiling  and  filtered.  The  dysprosium  was  then  precipitated 
with  oxalic  acid.  Sereial  alternate  precipitations  with  ammonia 
and  oxalic  acid  were  given.  The  ammonia  precipitation  was  car- 
ried out  by  passing  ammonia  gas  over  the  dilute  nitrate  solution 
and  agitating  until  precipitation  was  complete.  The  hydroxides 
were  washed  by  decantation  imtil  they  became  colloidal  and  then 
dissolved  in  nitric  acid  preparatory  to  the  oxalate  precipitation. 
A  hot  dilute  solution  of  oxalic  add  was  added  to  the  hot  nitrate 
solution  up  to  the  point  where  precipitation  began.  Upon  allow- 
ing the  solution  to  cool  a  crystalline  precipitate  was  obtained, 
which  was  easily  washed.  The  washed  oxalate  was  dried  and 
ignited  in  platiniun  if  another  ammonia  precipitation  was  desired. 
The  oxalic  and  nitric  acids  here  used  were  especially  purified  as 
described  in  the  published  work."  The  oxide  supplied  for  the 
spectroscopic  examination  was  taken  from  the  best  fraction  of 
series  D. 


•  J.  Am.  Chan.  Sot. «.  p.  »«;  n 
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3.  ESBIUH** 

During  the  fracticHiation  of  the  main  bromate  series  of  Hie 
yttrium  group  several  of  the  individual  fractions  rich  in  erliimn 
were  removed  from  time  to  time  and  made  up  into  series  F,  as 
described  by  Engle  and  Balke."  The  fractionation  of  series  P 
bromates  was  continued  by  these  workers  for  some  time,  the 
object  in  view  being  to  concentrate  erbium.  Finally  several 
fractioos  were  obtained  composed  otUy  of  erbium  and  yttrium. 
The  erbiimi  content  was  approxioiately  20  per  cent.  The  frac- 
tionation of  the  bromates  was  then  discontinued  and  the  greater 
share  of  this  material  was  subjected  to  other  fractional  methods 
with  the  hope  of  obtaining  erbium  of  a  high  grade  of  purity. 
This  latter  work  was  undertaken  by  Wichers,  Hopkins,  and 
Balke.**  The  ba»c  chloride  method  of  Drossbach  **  was  reported 
to  give  strikingly  rapid  results.  Dr.  Wichers  applied  this  method 
to  erbium-)rttrium  material  of  atomic  weight  104.  The  yttrium 
and  erbium  fractions  obtained  had  atomic  weights  of  95.9  and 
110.6,  respectively.  These  results,  although  good,  were  not  as 
striking  as  claimed  by  Drossbach.  The  cobaiticyanide  method 
of  James  and  Willard  **  was  then  tried  on  an  erbium-yttrium 
mixture  of  atomic  we^ht  108.5.  Eleven  fractions  were  obtained, 
the  first  and  last  atomic  weights  being  1 23.0  and  89.2,  reflectively. 

Fractional  precipitation  with  sodium  nitrite  has  been  used 
quite  successfully  by  Hopkins  and  Balke"  for  the  puiificatioa 
of  yttrium.  Dr.  Wichers  applied  this  method  to  a  material  of 
atomic  wdgbt  of  108.5.  "^^"^  series  of  precipitations  were  made, 
the  erbium-rich  material  obtained  from  the  first  series  being  used 
in  the  second  series.  The  best  erbium  material  obtained  in  the 
second  series  of  precipitations  had  an  atomic  weight  of  142.9.  It 
was  apparent  that  none  of  the  above  methods  could  compare  in 
efficiency  to  the  nitrate  fusion  method. 

In  the  fractionation  of  the  bromates  of  an  erbium-yttrium 
mixture  several  fractions  rich  in  erbitun  and  far  removed  from 
holmium  on  the  one  hand  and  thulium  on  the  other  had  been 
obtained.  A  series  of  32  nitrate  fusions  on  this  material  gave  the 
following  fractions,  with  approximate  atomic  weights  as  indicated: 
32  H  32 1  32  K  32  L  32  M  32  N  32  O  32  P 
166.31     166.17     164.68     163.75    154-63    119-90 

'Di.  BilwiirdW 

■J.  Am.  Chsa.  Soc,  St,  p.  j. 

MJ.AiiLChiiii.Soc., 40, D.  II 
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The  5  fractions  richest  in  erbiton  were  used  by  Dr.  'Wichers  in 
the  study  of  the  oxide-chloride  ratio  for  the  atomic  weight  of 
erbium.  A  portion  of  fractions  32  N  and  33  O,  the  best  erbium 
material  on  hand  at  this  time,  was  selected  and  purified  to  supply 
the  oxide  for  the  Bureau  of  Standards.  This  material  was  com- 
posed of  only  erbium  and  yttrium.  It  was  purified  in  essentially 
the  same  way  as  the  method  used  for  dysprosium ;  that  is,  several 
alternate  precipitations  with  ammonia  and  oxalic  acid  and  final 
ignition  in  platinum. 
Washington,  March  31,  1921. 
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STUDIES  IN  COLOR  SENSITIVE  PHOTOCUUPHIC 
PLATES  AND  METHODS  OF  SENSITIZING  BY 
BATHING 

By  Fiand*  M.  Wtllen,  jr.,  and  Raymood  Davia 


ABSTRACT 

The  dTCs  wliicli  m  used  in  eaiar  amidHwng  ordiuttty  (blue  acnstivc)  piste*  by 
bathing  require  difieiviit  methods  for  their  most  successful  appticaticm.  Piiia-verdol, 
jHnaclirame,  orthochrome  T,  and  honxxul  may  be  -used  in  water  solutions,  with  ot 
irilluat  aamnma,  md  are  Tcry  little  senutjve  to  the  presence  of  electrolytes.  Hna- 
cyMulsH^  be  oacd  in  water  solntion,  if  the  dry  plate*  are  fiiBtthoitmghlywajlied,  bnt 
^ves  greater  "^"♦^""g  action  with  more  fog  and  pcwier  keeping  qualities  when  used 
with  water,  alcohol,  and  ammonia.  Dicyanin  gives  compatatively  little  sensitizing 
except  when  used  with  water  and  alcciud  and  afairlT'  large  per  cent  of  ammaaia. 
Kbnawqaire  the  use  of  alcohol  and  ammonia  to  give  the  best  resntta  with  ptaweyanol- 

Ooamiercinl  panchiontatic  plates  have  their  color  smsitivencn  unproved  by  washing 
in  water,  without  the  increase  in  fog  which  occuis  when  they  aie  treated  with  ammonia. 
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I.  INTRODUCTION 

Photographic  plates  and  films  owe  their  sensitiveness  to  Bght 
to  the  silver  bromide  embedded  in  the  gelatine  with  which  they 
are  coated.    Silver  bromide  as  found  in  the  ordinaiy  plate  (as 
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well  as  silver  chloride  and  silver  iodide,  which  are  also  used  in  the 
preparation  of  photographic  materials)  are  afFected  only  by  blue, 
violet,  and  ultra-violet  light.  Green,  yellow,  orange,  and  red  have 
little  or  no  effect,  so  that  a  photograph  made  on  such  a  plate  por- 
trays blue,  violet,  and  ultra-violet  (which  do  not  affect  the  ^e) 
as  white;  while  green  (to  which  the  eye  is  most  sensitive),  yellow, 
orange,  and  red  are  portrayed  as  black.  This  failure  of  the  photo- 
graphic process  to  render  colors  in  black  and  white  in  the  same 
order  of  luminosity  as  does  the  eye  prevented  for  a  long  time  the 
satirfactory  photography  of  paintings,  as  well  as  the  correct  render- 
ing of  objects  in  nature. 

By  the  addition  of  small  amounts  of  certain  dyes  the  photo- 
graphic plate  may,  however,  be  made  sensitive  to  green,  yellow, 
orange,  and  red.  Plates  whidi  are  sensitive  to  the  yellow-green 
as  well  as  to  the  blue  and  violet  are  usually  called  orthochromatic, 
while  plates  which  are  sensitive  also  to  the  orange  and  red  are  f 
called  panchromatic  or  spectnmi  plates.  '' 

These  three  types  of  plates  are  illustrated  in  Pig.  i .  The  letters 
at  the  botton  of  the  spectrograms  indicate  the  centers  of  the 
radiations  usually  recognized  by  the  names:  V,  violet;  B,  blue; 
G.green;  Y,yellow;  O,  orange;  R,red.  Beyond  the  blue  and  red 
are  found  the  ultra-violet  and  the  infra-red.  The  numbers  exjOKsa 
the  wave  length  of  the  radiation  in  millimicrons  (i  millimicron= 
0.000  000  001  meter).  The  sensitiveness  of  the  plate  to  any  par- 
ticular radiation  is  indicated  by  the  height  of  the  idiite  part  of  the 
figure;  thus  a  height  equal  to  4  spaces  indicates  that  the  plate  is 
4  times  as  sensitive  to  that  radiation  as  it  is  to  radiation  where  the 
white  area  reaches  only  to  the  third  line  and  16  times  as  sensitive 
as  where  it  reaches  only  the  second  line.  This  sensitiveness  refers, 
of  course,  only  to  the  sensitiveness  of  the  plate  to  the  particular 
source  used  in  making  the  spectrograms  and  not  to  its  sensitiveness 
ia  terms  of  absolute  energy. 

Color-sensitive  plates  date  from  Vogel's  discovery  in  1873 '. 
In  one  of  his  experiments  a  collodion  dry  plate  which  had  been 
stained  yellow  with  aniline  red  to  prevent  halatioix  showed,  in 
addition  to  its  blue  and  violet  sensitiveness,  a  sensitiveness  in  the 
green.  This  region  of  sensitiveness  corresponded  to  an  absorption 
band  in  the  spectrum  of  aniline  red.  He  had  much  diffioiliy  ia 
the  sensitiziag  of  bis  [dates,  often  obtaining  only  one  satisfactory 
plate  out  of  six  attempts.    With  gelatine  dry  plates  even  g 
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di£Sculty  was  had  until  the  notable  discovery  ia  1882  of  eosin '. 
friuch  made  silver  bromide  gelatine  plates  much  more  sensitive  to 
yellow  than  any  dye  before  used.     Following  this  encouraging  dis- 
covery of  the  HBtisitiritig  action  of  eosin  many  other  dyes  were 
investigated  by  Vogel,  Schumann,  Bder,  and  others,  the  number 
investigated  by  Eder  *  and  his  students  running  into  the  hundreds. 
Comparatively  few,  however,  found  application  in  photograi^y. 
The  exceptions  were  cyanin,  an  orange  sensitizer  discovered  by 
Vogel,  and  eiythrosin,  a  strong  yellow-green  sensitizer  discovned 
l^  £der  *  in  1884.    (See  F^.  i.)    Only  one  of  these,  erythrosin, 
remains  in  use  to-day.    Orthoclutmiatic  photography  made  little 
real  progress  until  1904-05,  when  K5nig  introduced  pinacfarome,  I 
orthochrome  T,  and  pinacyanol  (Fig.  i).     Finacyanot  sensitizes  1 
strongly  in  the  red  and  serves  as  the  foimdation  of  commercial ' 
panchromatic  plates. 

n.  GENERAL  INFORMATION 

Plates  and  films  may  be  sensitized  by  two  methods:  (i)  The 
dye  may  be  incorporated  in  the  emulsion  at  some  stage  in  its 
preparation,  usually  immediately  before  coating,  and  (2)  by 
bathing  an  cn^inary  blue  sensitive  dry  plate  in  a  solution  of  the 
dye.  In  general,  tiie  more  sensitive  plates  result  from  bathing, 
but  bathed  plates  often  have  the  defect  of  not  keeping. 

The  amount  of  dye  required  for  sensitizing  is  very  small.  When 
incorporated  in  the  emulsion,  2  to  4  n^  to  100  oc  of  emulsion  give 
the  best  results  with  most  dyes,  while  in  bathing  the  best  con- 
centration lies  between  i  part  in  25  000  and  1  part  in  75  000, 
although  much  smaller  amounts  give  some  sensitizing  action. 

In  order  to  sensitize,  a  dye  must  combine  with  the  silver  bromide 
itself.  Further,  the  dyestufFs  which  sensitize  all  fall  into  the  class 
of  so-called  substantive  dyes ;  that  is,  they  dye  substances  directly. 
The  center  of  the  region  which  is  sensitized  by  a  given  dye  lies 
about  20  millimicrons  farther  toward  the  red  than  the  center  of 
ibe  absorpticoi  band  of  the  dye.*  Thus  dyes  which  sensitize  for 
the  yellow-green  are  reddish  in  color,  as,  for  example,  erythrosin 
and  pinaverdol.  Dyes  which  sensitize  for  orange  are  purple,  and 
red  senatizers  are  greenish.  Eder  found  that  the  less  silver 
iodide  a  silver  bromide  gelatin  emidsion  contained  the  better  it 
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sensitizal.  Silver  chloride  sensittzes  readily,  but  its  original 
sensitiveness  is  so  much  less  than  that  of  silver  bromide  that  liie 
sensitized  salt  does  not  compare  in  rapidity  -with  sensitized  silver 
bromide.*  An  important  characteristie  of  a  dye  suitable  for 
sensitizing  is  its  solubility.  It  must  be  soluble  in  water,  or  it 
must  at  least  be  capable  of  forming  a  fairly  stable  colloidal  sdu- 
tion  with  it.  Dyes  soluble  only  in  other  solvents — ^for  example, 
alcobol — can  not  penetrate  the  gelatine  in  such  a  manner  as  to 
dye  the  silver  bromide.  In  addition,  the  dye  should  be  of  sach 
a  character  as  not  to  stain  the  gelatine  so  as  to  prevent  the  Egfat 
from  penetrating  to  the  silver  bromide.  Were  it  not  for  this  neces- 
sary characteristic,  there  are  probably  many  dyes  which  would 


Before  the  war  sensitizing  dyes  were  principally  imported  from 
Germany.  When  this  supply  was  cut  off,  the  preparation  of  the 
dyes  was  undertaken  by  various  laboratories  in  England  and  in 
the  United  States.  The  Ilf  ord  Co. ,  of  London ,  produced  pinacyanol 
and  pinaverdol,  while  ill  this  country,  the  Eastman  Kodak  Co. 
are  making  orthochrome  T  as  well.  The  color  laboratory,  Bureau 
of  Chemistry,  Department  of  Agriculture,  has  prepared  pinaverdol, 
pinacyanol,  and  dicyanin.  The  success  of  these  investigators  has 
led  to  the  preparation  of  entirely  new  senatizers  which  promise 
marked  improvement  in  panchromatic  plates. 

While  commercial  panchromatic  plates  are  now  sufficiently 
rapid  for  the  photography  of  still  objects  and  for  three-color 
process  work,  there  are  certain  problems  which  demand  plates 
which  are  either  more  rapid  or  which  are  sensitive  to  radiations  to 
which  the  panchromatic  plate  is  not.  Those  who  have  these 
problems  find  it  advisable  to  use  ordinary  plates  sensitized  by 
bathing.  Important  among  the  special'  problems  are  those  in  the 
field  of  spectroscopy,  in  which  use  is  made  of  dicyanin  to  photo- 
graph infra-red  spectra,  and  specially  stained  plates  are  indispen- 
sable in  recording  the  visible  spectrum  of  faint  sources. 

The  directions  which  are  furnished  by  the  dye  manufacturer  for 
using  the  dye  for  bathing  are  at  variance  with  the  methods  used  at 
this  Bureau  and  by  some  other  workers.  The  work  described  in 
this  paper  was  imdertaken  with  the  view  of  ascertaining  the  rela- 
tion between  the  methods  developed  at  this  Bureau  and  the  prac- 
tice recommended  by  the  dye  makers. 
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Since  pinacyanol  is  the  most  widely  used  red  sensitizer  and  since  I 
good  orthochromatic  plates  may  be  obtained  commercially,  the  \ 
greater  part  of  the  inTestigation  was  done  with  this  dye.     Variotts 
methods  and  conditions  of  bathing  were  studied  and  hseping  tests 
were  made  on  plates  sensitized  by  two  methods  of  bathing.     In 
addition  to  pinacyaaol  other  important  sensitizing  dyes  were 


m.  METHODS  OF  STUDTmC  COLOR  SENSITIVENESS 

In  studying  tiie  various  wa3rs  of  sensitizing  by  bathing  two 
msthods  were  employed:  (i)  The  continuous  spectrum  of  a 
soince  of  vdiite  light  was  photographed  on  the  plate,  and  (2)  the 


speed  of  the  plate  to  white  lij^t  was  measured  and  the  filter  factors 
of  the  plate  with  a  given  set  of  color  filters  were  determined. 

1.  SPECTROGRAPH  HBTEOD 

The  spectrograph  shown  in  Fig.  2  was  designed  for  studying  the 
color  sensitiveness  of  plates. 

The  light  source  (L)  is  a  loo-watt  tungsten  lamp  whose  bright- 
ness is  kept  constant  by  adjusting  a  rheostat  to  maintain  a  con- 
stant current  through  the  filament.  Around  the  lamp  is  a  white 
reflector  (i^),  while  in  front  of  the  slit  is  a  piece  of  ground  glass,  to 
give  uniform  illumination  along  the  slit,  which  is  2  inches  high. 
Between  the  ground  glass  and  the  slit  is  placed  a  rotating  disk  (£>), 
out  of  which  is  cut  a  variable  aperture  such  that  the  expostue 
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along  the  slit  varies  in  a  fixed  manner  wttb  the  distance  from  its 
ends.  The  series  of  horizontal  lines  on  the  spectrograms  indicate 
geometrically  decreasing  exposures.  The  exposure  at  the  first 
line  from  the  bottom  is  one-fotu-th  that  at  the  bott(»n;  at  the 
second  line,  (me-sixteenth;  at  the  third,  one  sixty-fourth;  at 
the  fourth,  one  two-hundred-and-fifty-sixth;  and  at  the  top,  one 
oue-thousand-and-twenty-fourth.  The  light  from  the  slit  pasaee 
through  first  a  photographic  lens  (B),  then  a  replica  of  a  diffrac- 
tion grating,  which  disperses  it  into  a  normal  spectrum.  Just  in 
front  of  the  plate  {P)  is  a  screen  (Q  bearing  on  it  the  xefeience 
lines  which  mark  both  intensities  and  wave  lengths  on  the  pdaAe. 
The  end  of  this  screen,  throng  which  the  red  part  of  the  spectmm 
passes,  is  stained  with  "rapid  filter  yellow"  to  screen  out  the 
second-order  violet  light  which  in  the  grating  spectrum  is  super- 
posed on  the  first  order  red. 

As  shown  in  Pig.  4,  the  tungsten  lamp  used  for  the  investigaticm 
does  not  have  the  same  spectral  distribution  of  enei^  as  does  the 
sun.  The  tungsten  lamp  is  deficient  in  the  blue  as  con4>ared  to 
the  stm  and  is  relatively  more  intense  in  the  red  than  the  sun. 

The  spectrograph  serves  as  a  very  convenient  means  of  study- 
ing  qualitatively  the  sensitizing  action,  showing  as  it  does  the 
regions  of  sensitiveness,  both  as  to  ext^it  and  as  to  the  location  of 
the  maxima,  and  also,  in  addition  to  other  detriments,  the  degree 
of  fog  induced  by  the  process.  For  work  of  a  quantitative  char- 
acter, however,  such  as  a  study  of  the  time  of  bathing  or  the  effect 
of  the  proportion  of  dye  in  the  sensitizing  bath,  greater  exactness 
is  desirable.    This  is  found  in  photographic  sensitometry. 

2.  SBNSITOHBTBR  METHOD 

Sensitometry  consists  in  the  exposure  of  a  photographic  ma- 
terial to  a  known  source  of  light  for  definite  intervals  of  time,  the 
development  of  the  material  under  standard  conditions,  and  an 
interpretation  of  the  blackening  produced  on  the  material  in  rela- 
tion to  the  time  of  exposure  and  the  intensity  of  the  light  acting. 
The  details  of  the  methods  of  sensitometry  used  in  this  work  will 
be  described  in  a  forthcoming  Bureau  scientific  paper. 

Sensitometry  is  applied  to  the  study  of  color  sensitizing  by 
using  filters  which  transmit  light  of  particular  colors  only.  The 
filters  used  in  this  investigation,  the  relative  spectrograms  of 
which  are  shown  in  Fig.  5,  are  Wratten  A,  which  gives  the  red 
sensitiveness;  Wratten  G,  -which  gives  very  neaity  tbe  added  sen- 
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Fig.  4. — spectrograms  showing  the  energy  dislri- 
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show  the  scnsilizing  action  0/  the  fnriotis  dyes 
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aittveness  due  to  the  dye;  Wratten  B,  which  gives  the  sensitiveness 
to  green,  and  Wratten  C,  to  blue. 

The  speed  or  sensitiveness  of  the  plate  to  the  light  transmitted 
by  the  filter  may  be  measured  by  either  introducing  the  filter 
between  the  light  source  and  the  pWte  in  the  exposing  apparatus 
or  by  measunng;  the  ^leed  to  white  light  and  dividing  this  by  the 
filter  fftctor  of  the  plate.  When  a  number  of  filters  are  used,  the 
second  is  the  m(M%  rapid.  The  following  procedure  was,  there- 
fore,  employed:  Three  strips  from  the  sensitized  plate  were 
exposed  in  the  seusitometer  to  a  light  source  having  approxi-  j 
mately  the  spectral  energy  distribution  of  average  noon  sunlight^ 
the  strips  were  developed  for  different  times,  the  densities  meas- 
ured and  plotted  against  the  logarithm  of  the  time  of  exposure, 
and  a  speed  determination  made  according  to  the  method  of 
Hurter  and  DriflBeld,^  When  used  with  the  four  Wratten  filters  I 
mentioned  above,  two  strips  from  the  plate  served  to  determine 
the  factors  of  the  plate. 

The  filter  factors  were  measured  as  described  in  Bureau  Scien- 
tific Paper  409.  The  principle  of  this  consists  in  varying  the  — 
hitensity  of  the  light  source  until  equal  blackening  is  produced 
with  equal  exposure  time  with  and  without  the  filter.  Since  the  filter 
factor  gives  the  ratio  of  the  total  sensitiveness  of  the  plate  to  its 
sen^tiveness  to  the  light  transmitted  by  the  filter,  the  filter 
factor  and  the  speed  of  the  plate  without  the  filter  give  the  data 
necessary  to  determine  the  speed  of  the  plate  with  the  filter. 
For  example,  if  the  speed  of  a  plate  to  white  light  (average  noon 
sxmlight)  is  400  and  the  filter  factor  with  the  A  filter  is  10  the 
speed  through  the  A  filter  is  40. 

The  method  of  stating  color  sensitiveness  employed  by  Eder,* 
Sheppard  and  Mees,*  and  Wallace  **  gives  the  added  or  chromatic 
sensitiveness  in  terms  of  the  blue  sensitiveness.  This  method 
we  believe  to  be  tmsatisfactory,  because  the  blue  sensitiveness  is 
decreased  more  or  less  by  any  process  of  sensitizing  to  other 
colors  and  because  the  ratio  of  the  color  sensitiveness  to  the  blue 
sen^tiveness  does  not  give  the  best  basis  for  comparison  of  one 
plate  with  another.  The  question  to  be  answered  is.  Does  this 
method  or  that  give  the  greatest  sensitiveness  to  a  given  color 
of  light,  regardless  of  what  happens  to  the  blue?    This  question 
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is  most  directly  answered  by  the  speed  oi  the  plate  to  tlie  lig^ 
in  question 

IV.  PIWACYAKOL 

Pinacyanol  is,  for  many  purposes,  the  most  important  sensi- 
tizer.  Although  it  is  commonly  used  in  commeiciBl  paochro* 
matic  plates  in  amjimction  with  other  sensitizers  which  gire 
greater  sensitiveness  in  the  yellow-green,  it  alone  gives  a  fairly 
good  panchromatic  plate. 

1.  WA1B&  BAIH 

The  following  is  typical  of  the  directions  given  by  the  makers 
for  the  use  of  pinacyanol:  Dissolve  i  part  of  pinacyanol  in  looo 
parts  of  ethyl  alcohol  for  the  stock  solution.  To  make  red  sensi- 
tive plates,  bathe  ordinary  gelatine  plates  for  two  or  three  minutes 
in  the  following  solutions:  Water,  200  parts;  stodc  solution,  3 
parts.  Wash  well  in  rtuming  water,  or  frequent  changes  for 
several  minutes,  and  dry  in  total  darkness  as  quickly  as  possible 
in  a  current  of  warm,  dry  air  free  from  dust. 

If  these  directions  are  followed,  it  is  found  that  the  dye  precipi- 
tates on  standing  after  a  plate  has  been  bathed  in  it,  or  often 
before  the  plate  has  been  sensitized,  which  results  in  the  plate 
being  spotted  and  lacking  in  sensitiveness.  Pinacyanol  is  not 
soluble  enough  in  cold  water  to  wash  away  any  dye  deposited 
on  the  plate  in  the  gelatine. 

The  addition  of  altun,  ammonia,  potassttmi  bromide,  and  other 
electrolytes  to  the  dye  bath  (water  20D  cc,  pinacyanol  stock  solu- 
tion 3  cc)  causes  flocculation  of  the  dye.  This  may  Indicate 
that  the  bath  is  not  a  true  solution,  but  a  colloidal  solution  or 
dispersoid. 

This  phenomenon  suggested  to  the  writers  that  the  failure  of 
the  water  bath  in  sensitizing  ordinary  commercial  plates  might 
be  due  to  the  presence  of  electrolytes  in  the  emulsion.  It  is  cus- 
tomary to  add  to  the  emulsion  immediately  before  coating  a 
small  quantity  of  chrome  alum  to  harden  the  gelatine,  50  that  it 
will  withstand  alkaline  development  at  room  temperatures.  There 
may  also  be  present  various  other  electrolytes,  such  as  soluble 
bromides  to  restrain  fog."  If  present,  these  soluble  salts  would 
come  to  the  surface  of  the  plate  in  drying  and  would  thus  be  in 
a  position  to  cause  the  speedy  flocculation  of  the  dye  bath. 

Accordingly,  we  tried  washing  the  plates  in  tap  water  before 
bathing  in  a  water  solution  of  pinacyanol  and  found  that  the 
plates  then  did  not  cause  the  flocculation  of  the  dye  bath.    The 
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time  for  bathing  is  also  decreased  by  this  operation,  since  the 
gelatine  swdls  aatQewba.t  and  permits  diffusion  to  take  place 
more  rapidly.  With  a  crashing  time  of  five  minutes  the  time 
required  for  sensitizing  is  decreased  to  two  minutes. 

While  not  so  fast  as  plates  sensitized  in  a  bath  containing 
flnitnnnia,  the  water-faathed  plates  show  considerably  less  initial 
iog  and  also  keep  mudi  better. 

Another  point  of  importance  is  that  if  a  plate  be  examined 
after  removal  from  the  dye  bath  there  is  fomid  m  it  a  considerable 
amount  of  the  dye  which  is  not  removed  by  washing  in  water. 
In  addition,  ibax  is  a  considerable  staining  of  the  gelatine, 
which  decreases  by  its  screening  action  the  sensitiveness  of  the 
plate.  Rinsing  the  plate  in  ethyl  alcohol  after  the  djre  bath  will 
remove  to  a  large  extent  the  dye  dissolved  in  the  gelatine,  as  well 
as  Ihat  on  the  surface,  while  not  affecting  that  which  has  com- 
bined with  the  silver  bromide  and  to  which  the  sensitizing  action 
is  due.  That  this  is  true  may  be  shown  by  the  fact  that  pro- 
longed bathing  in  alcohol  after  sensitizing  in  the  water  bath 
does  not  decrease  the  color  sensitiveness.  It  is  common  experi- 
ence that  bathed  plates  must  be  dried  rapidly  to  secure  speed 
and  freedom  from  fog."  In  addition,  therefore,  to  furnishing 
cleaner  plates,  the  rinse  in  alcohol  aids  in  drying  the  plates.  The 
drying  is  accelerated  by  tiie  alcohol,  which  replaces  to  a  large 
extent  the  water  in  the  gelatine  fihn. 

2.  WAXES.  ALCOHOL,  AJSTD  AlUOinA  BATH 

It  has  been  observed  (particularly  with  erythrostn)  that  the 
addition  of  ammonia  to  the  dye  bath  increases  the  sensitizing 
action  of  the  dye.  If  ammonia  be  added  to  a  water  bath  of 
pinacyanol,  flocculation  occurs  and  prevents  sensitiziag.  How- 
ever, ammonia  may  be  safely  added  to  the  dye  bath  if  sufficient 
alcohol  be  present.  Thus  the  formula  used  at  this  Bureau  calls 
for— 

Wttef 60 

Ethyl  alcohol  (9;  per  cent) 40 

Hnacyanal  stock  aolntioii  (i  to  1000) 4 

AjmnoiU  («9  per  cent). 4 

For  ordinary  work  this  quantity  of  ammonia  usually  gives  too 
much  fog  and  is  recotmnended  only  in  the  case  of  plates  vrtiich 

■>  Bdo-,  BaaatMA.  S.  p.  U.  i>  S.  J.  WdlKc;  Ajtnphyi.  Jonr^  tS,  p.  igf;  igei. 
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are  used  for  position  measurements,  as  in  6pectrosotq)y.  H  tin 
amount  d  ammonia  be  cut  from  4  to  3  oc,  the  sensHiixng  action 
is  nearly  as  great  and  the  fog  is  much  lex.  Compared  with  {dates 
bathed  in  water  and  ptnacyanol,  the  sensitudng  action  is  twice  as 
great.  As  shown  in  Fig.  6,  the  senaitiring  action  of  a  bath  com- 
posed d  water  and  alcohol  with  no  afflmoma  is  less  than  the 
bath  containing  water  only.  For  use  in  spectroscopy  the  ammonia 
method  has  the  particular  advantage  of  extendii^  the  legion  of 
sensitiveness,  so  that  tines  further  in  the  red  may  be  photographed. 
(See  Fig.  7.) 

It  should  be  emphasized,  however,  l^t  aimnonia  as  a  sensitizer 
reduces  the  keeping  qualities  of  {dates  behnr  lliose   of  other 


3.  KBBnnO  TXSTS 

In  nuUdng  the  test  on  the  relative  keepn:^  quaUty  of  plates 
sensitized  by  the  two  methods  of  bathing  a  dow  portrait  plate 
which  works  fairly  free  from  fog  was  used.  A  dozen  of  these 
were  bathed  by  each  method  on  a  clear,  dry  day. 

The  water  bathing  was  carried  out  as  follows:  The  plates  were 
[daced  in  the  ca^  of  a  developing  tank,  washed  in  running  tap 
water  (temperature  18"  C)  for  five  minutes,  then  transferred  to  a 
bath  composed  of  tap  vrater  1900  cc,  pinacyanol  stock  solution 
(i  to  1000)  38  cc.  After  bathing  for  two  minutes  they  were  placed 
in  alcohol  for  two  minutes,  swabbed  o&,  and  dried  in  a  light-ti^t 
cabinet,  through  which  air  at  room  temperature  was  forced  by  an 
electric  fan.  When  dry  the  plates  were  packed  face  to  face  in 
an  ordinary  plate  box. 

The  other  dozen  i^tes  were  placed  directly  in  a  tank  coataining 
a  bath  composed  of — 

PwU 

Water 1300 

Etliyl  alcdM 700 

Pinacyanol  stock  aolntkm 40 

Anunonia  (18  per  cent) 40 

After  four  and  one-half  minutes  in  this  bath  (18°  C)  the  j^tes 
were  rinsed  for  two  minutes  in  alcohol,  swabbed  off,  and  dried. 

As  soon  as  the  two  sets  of  plates  were  dry  one  of  each  was 
exposed  in  the  sensitometer,  and  its  filter  facton  were  abo  meas- 
ured. Another  pair  was  treated  in  the  same  tnnntya-  a  few  hours 
later  on  the  same  day.  Then  tests  were  made  once  a  day  for  a 
few  days  and  finally  at  intervals  <d  about  a  week. 
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Fig.  6,~Spa:lroyrams  showing  the  difference  in 
Ike  seiuitizing  action  oj pinacyanol  u-hcn  used 
in  baths  ofiiatious  composition 
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Fig.  7. — The  effect  of  various  quantities  of 
ammonia  added  to  a  dye  bath  0/  -water  and 
alcohol 
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The  curves  in  Pig.  8  show  the  variation  in  speed  "  to  white  light 
and  tlie  fog  **  of  the  plates  sensitized  by  the  two  methods. 

Fig.  9  shows  the  characteristic  curves  for  a  plate  sensitized 
with  pmacyanol,  water,  alcohol,  and  ammonia  when  the  plate 
was  usable,  while  Fig.  10  shows  the  characteristic  curves  of  a 
similar  plate  after  it  had  become  imfit  for  use. 

The  variation  in  speed  through  filters  with  time  of  keeping  is 
shown  in  Figs.  1 1  and  12.  If  these  curves  be  compared  with  those 
for  the  variation  in  speed  to  white  light  (Fig.  8),  it  will  be  seen 
that  while  the  speed  to  white  light  was  decreasing  the  speed  due 


JBO"*^^S- 


!pe^ 
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Fio.  8. — Ktpittg  tall  on  plata  ttnsUUtd  with  pinacyanal 
neoicva  which  itaitBt  the  atqwr  IcCt-hud  conwr  d  the  cnph  dw*  the  speed  to  white  litht,  while 
tboK  that  itut  U  the  lower  ktUwid  cdoib'  ihow  lof  (lor  imlt  dcnlofXBBit  to  unit  ttmtmt)  meuured 
Indenrity.    PoIlIiBai-iditaKiuitiiediii  idiucreiuit,  mtet,  ikcAol,  md  mtiiioiila. 

Hon.— 31wlocl«itT«ilDi-r-i;  thstli.mderelDfiiiiaitnchthattbecaitniitofthsiHgatlvalitbetiiDe 
athMftftbevBbjcct. 

to  the  added  sensitiveness  conferred  by  the  pinacyauol  did  not 
decrease  at  quite  the  same  rate. 

4.  BATRHTG  FILMS 

In  sensitizing  films  with  pinacyanol  it  was    found  that  the 

method  of  prewashing  and  bathing  in  a  water  solution  of  the  dye 

"  "aptwl"  M  B««d  \mt  to  nuMiinJ  by  tht  mefliod  ri  Hnrttt  and  DriBtld.  Brttdy,  thii  ii  m  MIoin: 
WImb  tlie  dmltr  doe  to  czDoMre  to  Uitat  to  plotted  (laiiut  the  lotaritfam  of  the  tc 
the  poiiitB  wiU  lie  on  ■  itni^t  line,  li  taiajAti  ti  tlie  plate  which  hsTC  received 
derdoped  ior  dtflamt  leacthi  d  time,  their  TMpeeliva  Kni^t  line  ] 
point  CD  the  ejcpcire  Bxia,  The  Tihie  of  the  erpctun  at  tlii*  intervecticei  pcint  is  called  th 
tlieplate.  Theqwcd  ndmbtnuacdbruaareia  divided  by  thelncnto.iD  that  the  steatec  the  ipeedntanba 
(he  iMtct  the  plate.  lUi  BsmbO' wai  lelected  Initead  d  Hurta  ^  Diifficld'i  WI  becaoae  the  Utbt 
footoe  cmplovBd  br  than  (tka  wcm  cndk)  li  drtkknt  in  the  bine  •■  eamparad  villi  oat  light  nircc, 
«Hcb«cinKnnatiiaveniena(n>anUAtlnit«(Il«tribatl<n«(K>«tmen(nr>  It  (hmld  be  wtlccd  that 
ior  tlili  naaon  oni  ipeed  numben  are  not  coivertible  into  Huitcr  and  Driffield  nnmbai. 

MFogiiaeMOicdaadeultr.    Doultr  la  da&ned  n  loc  "  (i/T),  «ha«  T  (trananiirian}  to  tka  ratio  of 
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was  not  successful  and  that  to  get  adequate  senatizing  action  it 
was  necessary  to  uSe  the  bath  containing  water,  alcohol,  and 
ammonia.  Films  have  a  tendency  to  give  more  fog  with  bathing 
than  do  some  plates.    It  has  been  remarind  by  some  that  any 


ImCcju 
FiO.  9. — Chantttrittic  curvtt  for  fntUy  balM  ptaU  {pinaejanol,  -waitr,  ateokal,  and 

orthochromatic  emulsion  gives  more  fog  when  bathed  than  ordi- 
nary plates,  and  suitable  films  for  bathing  are  not  obtainable  ex- 
cept with  some  degree  of  orthochromatism.  In  bathing  films  it 
is  necessary  to  exercise  considerable  care  that  nothing  comes  in 


Le&Euu 

PiO.  10. — CharacUHstic  eumet  Jar  old  bathed  plaits  {pinacyanol,   vxUtr,   altohol,  and 


contact  with  either  side  of  the  film,  since  the  back  is  usually 
coated  with  gelatine  to  make  the  film  noncurling.  If  the  back  of 
the  film  becomes  scratched,  these  scratches  will  cause  defects  in 
the  print. 
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To  study  the  comparative  sensitizing  action  on  plates  having 
different  characteristics  as  to  speed  and  contrast,  four  plates  made 
by  the  same  manufacturer  were  selected,  a  fast  plate,  a  medium- 
speed  plate,  a  slow  plate,  and  a  process  plate.    The  plates  were 


in  a  bath  containing  pinacyanol,  water,  alcohol, 
Table  I  shows  the  results  obtained: 
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These  results  indicate  that  more  added  sensitiveness  is  con- 
lened  by  the  dye  bath  on  slow  plates  than  on  fast  ones.  It  may 
be  concluded  that  when  speed  is  not  the  factor  of  prime  impor- 


PlO.  13. — PhUi  t*nMittd  vilk  pinacyanol,  waltr,  akckol,  and 

hr  dye.  The  A  Mtn  ■ 
rvc*  be  cmpuQl  iflt] 
npldlv  with  thuc  u  1 


.    Uthaeai 


tance,  the  plate  chosen  for  bathing  should  be  selected  on  the  basis 
of  its  freedom  from  fog,  its  developing  characteristics  (contrast) , 
and  its  resolving  power. 

The  spectrograms  of  Pig.  13  show  that  the  sensitiveness  added 
by  pinac^mol  is  about  the  same  for  the  30,  26  X  >  and  23,  although 
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the  blue  sensitiveiiess  which  the  plates  had  originally  still  falls  in 
the  same  order  as  the  speed  before  bathing.  Relatively  the  fSDC- 
ess  plate  has  acquired  a  much  greater  sensitiveoess  than  the  other 
three  plates,  although  its  actual  speed  is  far  below  them. 

It  may  be  remarked  here  that  the  blue  sensitiveness  of  a  plate 
is  decreased  by  sensitizing.  Thus  the  plates  which  were  used  for 
the  keeping  test  had  before  bathing  a  speed  of  55  with  the  C 
filter  (blue),  while  after  sensitizing  with  pinacyanol  and  water 
the  speed  dropped  to  28  and  after  sensitizing  with  pina^ranol, 
water,  alcohol,  and  ammonia  to  36. 

V.  DICYANIN 

The  makers'  instructions  for  the  use  of  dicyanin  call  for  much 
the  same  procedure  as  in  the  case  of  pinacyanol.  However,  with 
dicyanin,  even  prewashing  failed  to  give  satisfactory  sensitizing 
with  the  water  bath.  Mees"  states  that  it  is  necessary  to  bathe 
the  plates  immediately  after  adding  the  stock  solution  of  dicyanin 
to  the  water,  but  even  this  procedure  failed  to  give  satisfactory 
results  with  the  qjedmen  of  dye  employed.  This  sample  of  di- 
cyanin was  about  three  years  old. 

When  this  sample  of  dicyanin  was  used  with  ammonia  in  the 
presence  of  enough  alcohol  to  prevent  flocculation,  the  sensitiziiig 
action  was  satisfactory.  The  use  of  ammonia  has  the  important 
advantage  of  extending  the  sensitiveness  to  longer  wave  lengths, 
as  well  as  increasing  Hhe  action  of  the  dye  at  its  maxima.  It  is 
due  to  the  use  of  ammonia  that  certain  investigators'*  have  been 
able  to  photograph  in  the  infra-red  as  far  as  1000  fi,  while  those 
who  have  .not  used  ammonia  with  dicyanin  have  failed  to  photo- 
graph further  than  800^. 

A  satisfactory  bath  for  dicyBnin  is  as  follows: 

Water 60 

Ethyl  alcohol  (ijspercait) 40 

Dicyanin  stock  aolution  (i  to  1000] 4 

AinnKmia  (i8  per  cent) 4 

As  shown  in  Fig.  14,  the  more  ammonia  used  the  greater  the 
sensitizing  action,  but  the  proportion  of  ammonia  is  limited  by 
the  fog  it  induces. 

Dicyanin  requires  more  care  in  its  use  than  the  other  photo- 
sensitizing dyes.     The  solid  dicyanin  should  be  bronze  green  in 

•a  Mo*  ud  Wntus,  Fbofasnphk  Joor.,  H,  p- If.  >9sS  (NcwtCB  (Dd  Baa). 
'•  B.  S.  Bull..  14,  p.  ijt,  I«IT. 
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color.  If  it  19  not,  particularly  if  it  appe^^  brovraish,  the  Aje  has 
deteriorated  and  should  not  be  used.  The  d3re  must  be  kept 
cool  and. dry  in  order  to  retain  its  sensitizing  pow«r.  A  fresbly 
ndxed  bath  of  dlcyanin  Is  a  brij^t  Une-green  cokir.  As  soon  as 
the  dye  deteriofales  the  colra-  changes  considmably,  the  solution 
appears  dull,  and  in  addition  shows  a  tmnsmisricMi  band  in  the 
red.  9ach  a  sdution  should  not  be  used.  The  temperature  of 
the  bath  should  not  exceed  18*'  C,  if  plates  reasonably  free  from 
fog  are  to  be  obtained.  The  alcohol  rinse  after  bathing  is  decidedly 
beneficial. 

ORTHOCHROMATIC  SEKSITIZBRS 

Hie  other  imp(»:tant  sen^ttzers  inrestigated  were  pinaverdol, 
ptnachnnne,  homocol,  CHlhocbrome  T,  and  erythrosin.  These 
dyes  are  by  no  means  as  sensitive  as  pinacyanol  and  dif^anin  to 
the  action  of  electrolytes;  they  do  not  flocculate  so  readily  in  the 
presence  of  ammonia,  potassium  bromide,  and  aima.  With  the 
orthochromatic  sensitizers  the  action  of  ammonia  is  most  marked 
with  erythrosin  and  homocol.  The  other  dy^  diow  a  slight  in- 
crease in  sensitizing  action  witli  ammonia,  but  hardly  enough  to 
justify  its  use. 

1.  BftYTHROSm 

Erythrosin  is  stated  by  Eder  "  to  be  the  best  of  the  flouresdn 
dyes  for  sensitizing.  Other  important  representatives  of  this 
class  are  eo^  and  rose  bengal.'  He  also  states  that  plates  bathed 
with  erythrosin  are  superior  to  plates  in  which  the  dye  is  incorpo- 
rated in  the  emulsion.  We  were  not  able,  however,  with  the 
sample  of  erythrosin  used  (Kahlbaum)  to  produce  plates  which 
were  as  sensitive  in  the  yellow-green  as  the  orthochromatic  plates 
made  by  one  American  manufacturer.     (Fig.  15.) 

We  found  erythrosin  to  give  the  best  results  when  used  aMord- 
ing  to  the  directions  given  by  Eder."  The  plate  is  given  a  prebath 
for  two  minutes  in 

Water 100 


Then  it  is  bathed  for  two  or  three  minutes  in  a  bath  of 

Water 100 

Stock  soltftion  (t  to  1000) m 

X  Hndbuch,  t,  p.  174.  >•  Bdcr,  Bndbuc^.  •>  p.  ii«.' 
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The  bathed  plates  should  be  washed  ia  water  to  remove  the  excess 
dye  -from  the  gelatine.  A  rinae  in  alcohol  will  shorten  the  time 
required  for  drying. 

An  iuspecticm  of  the  spectrograms  of  commercial  orthochro- 
matic  plates  indicates  that  erythrosin  or  a  dye  of  the  eiythrosin 
^pe  is  used  in  their  manufacture.  The  advantage  of  erythrosia 
over  such  dyes  as  pinaverdol  is  its  limited  region  of  aensitiztag 
action,  since  the  sensitiveness  conferred  by  erythrosin  ceases  ab- 
ruptly at  58o;t  while  the  action  of  the  other  dy^s  continues  rather 
farther  into  the  red.  This  limited  region  of  sensitiveness  makes 
it  possible  to  develop  plates  made  sensitive  with  erythrosin  in  the 
light  of  an  ordinarily  good  red  dark-room  lamp.  This  is  a  decided 
advantage  to  the  practical  photographer.  One  of  the  reasons 
that  pandiromatic  plates  have  not  been  more  generally  used  is 
that  th^  must  be  developed  in  total,  or  at  best  in  stigfatly  modi- 
fied  darkness,  so  that  the  photographer  is  tmable  to  judge  whether 
or  not  he  is  carrying  development  to  the  contrast  required  by  the 
subject  and  the  printing  medium  to  be  used. 

2.  FDTATBBDOL,  FIHACHROIIB,  ORTHOCHROMB  T,  ATO  HOHOCOL 
These  dyes  are  very  much  alike  in  the  regions  for  which  they 
sen^tize.  (Figs.  16  and  i6a.)  Of  these  four  dyes,  homocol  has  its 
sensitizing  action  increased  most  by  the  use  of  ammonia.  Hieir 
greatest  application  |»obably  lies  in  their  use  in  conjunction  with 
pinacyanol  to  supply  the  slight  deficiency  of  the  latter  in  the  green. 

Vn.  HTPERSENSITIZHTG    COMMERCIAL    PANCHROMATIC 
PLATES 

The  well-known  action  of  a  bath  of  dilute  anmionia  in  increasing 
the  speed  of  an  ordinary  dry  plate  was  applied  to  commercial 
panchromatic  plates  in  the  process  worked  out  by  S.  M.  Burka  " 
and  C.  C.  Eiess  at  this  Bureau  in  1918.  They  found  that  com- 
mercial panchromatic  plates  bathed  for  four  minutes  in — 

put* 

Water 75 

Sthyl  alcohol  (95  per  cent) 35 

Anmwiiia  (30  per  cent) 3.3 

had  the  total  speed  increased  100  per  cent  and  the  red  speed 
increased  200  to  800  per  cent  A  greater  increase  in  speed  was 
obtained  by  the  use  of  3.5  to  100  cc  of  water,  with  the  omission  of 
the  alcohol.     In  this  case,  however,  the  plates  dry  more  slowly 

"Jnnl.  Fnuik.  but.,  1M>P.  ij:  i*». 
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Ttit  (ccalcsc  rilcct  diie  lo  animunia  Is  found  Klih  homonil; 
Ihc  other  tu'oilyci  show  ■  little  fxtmuoa  toward  the 

shows  why  they  arc  not  usird  for  orthochromatic  plates. 
It  would  be  dimcull  to  devise  a  dark-room  lisht  nhicb 
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Fig.  iS. — Spectrograms  showing  increased  sensi- 

livily  obtained  by  Timhiiig  pancl:roma:ic  plaA'. 

The  pUItsvcrc  washed  iu  wiilcr  lur  five  minutes,  ilrict 
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and  devdc^  mote  fog  than  when  alcohtri  is  included  in  the  ttyptr- 
sensitizing  bath.  A  rinse  in  alcohol  after  the  ammonia  bath  will 
b^p  in  drying  the  {dates  more  rapidly.  In  an  early  investigation 
of  the  sensitizing  properties  of  cyanin  Schumann  found  that  bath- 
ing in  a  dilute  solution  of  ammonia  imparted  great  speed  and  sensi- 
tivity to  a  plate  with  cyanin  incorporated  in  the  enmlacm.  (See 
Photograjdiische  Rundschau,  3,  pp.  143,  175;  1889.) 

In  Fig.  17  are  shown  the  results  of  a  keeping  test  made  on 
Wrstten  Panchromatic  Process,  D.  C.  The  plates  were  hyper- 
sensitized  without  the  use  oi  alcohol  The  plates  gave  evidence 
of  a  dtght  increase  in  speed  for  a  few  days  after  hypersensitizing, 


FlO.  17. — VaTiatiim^tpmdandfogmtktim»afhmpinghyp€ntHritumlpiatu 
Th«linlM«^BM»tiHwd^»kriiln.4]toije  In  4j  dB^t  (■  dtohr  ti  j.Dotrii— mi/iw«<th« 
s,  the  dmkipniait  mi  cuikd  uBtlt  Ih*  csBtiut  mi  tiria  tlat 


while  the  fog  kept  increasing  from  the  time  the  plates  were 
hyperseuffltized. 

A  comparison  of  the  increase  in  speed  brought  about  by  wash- 
ing and  by  hypersensitizing  commercial  panchromatic  plates 
shows  that  a  part  of  the  hypersensitizing  action  is  due  to  the 
removal  of  certain  soluble  restraining  substances  by  washing. 
In  Table  2  are  given  the  results  of  wa^ung  and  hypersensitizing 
three  typical  panchromatic  plates. 

VUL  mCBEASE  m  speed  BT  washing  before  EXP08USE 

The  improvement  in  sensitizing  by  washing  the  ordinary  plate 
before  bathing  in  pioacymiol-water  solution  suggested  that  there 
might  be  a  corresponding  improvement  in  the  speed  of  commercial 
panchromatic  plates.  Accordingly  a  few  typical  panchromatic 
plates  were  washed  for  five  minutes  in  running  tap  water  and 
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dried,  following  which  the  total  speed  to  white  light  and  tbe  filter 
factors  were  measured.  As  seen  from  Table  2,  all  of  the  pan- 
chromatic plates  showed  decided  improTement  on  being  washed. 


That  the  effect  is  not  due  to  a  change  in  the  rate  of  development 
is  clear  from  an  inq>ection  of  Figs.  19  and  20,  which  show  the 
characteristic  curves  for  the  spectrum  process  plate  before  and 
after  washing.  Nor  is  the  improvement  due  to  the  sensitizing 
action  of  some  impurity  contained  in  the  tap  water,  since  plates 


Pio.  90. — S^trvm  proait  plate,  VKuhed  in  lap  -water  far  fivt  minvUt 

washed  in  a  tew  changes  of  distilled  water  showed  the  effect  as 
well  if  not  better  than  with  tap  water.  That  the  action  is  not  due 
to  a  variation  of  the  water  content  of  the  plate  may  be  concluded 
from  the  fact  that  the  plates  before  exposure  in  the  sensitometer 
were  backed  and  allowed  to  dry  for  about  an  hour.  This  time  is 
sufficient  for  the  imwashed  plate  taken  from  the  box  to  come  to 
the  same  state  of  humidity  as  the  plate  which  had  been  washed. 
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This  increase  of  senahiveness  may  then  be  concluded  -to  result 
from  the  removal  of  certain  restraining  substances  from  the  emul- 
son.  Prom  our  experience  with  pinacyanol,  chrome  ahun,  and 
1  bromide  surest  themselves  as  the  restraining  sub- 


The  comparison  of  the  spectrograms  of  ttnwashed  and  washed 
panchromatic  plates  (Fig.  j8)  shows  that  the  greater  part  of  the 
increase  in  speed  to  white  light  comes  in  the  region  of  sensitiveness 


LotCcju. 
JilG.  31. — Sptttrvm  procut  plait,  kypertrntitued  in  water  100  cc,  ammonia  {so  ptr  cent) 
3.$  ec,  aiti  batktdfouT  minuUt 

which  is  due  to  the  dyes.     This  is  borne  out  by  the  speed  measure- 
ments with  the  filters. 

TABIS2 


■fifta 


A  the  pui-ortho  plates  wi 


m  ycu  okl.  while  the  Wntlm  ptetc  hwl  jiut 


The  table  shows  that  while  washing  does  not  bring  the  increase 
in  speed  that  hypersensJtiring  does  it  does  not  cause  the  produc- 
tion of  as  much  fog.    The  characteristic  curves  (Figs.  19,  20,  21) 
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show  that  washing  hnproves  the  scale  or  rendering  power  of  the 
plate,  while  hypersensitizing  does  the  reverse. 

Manufacturers  are  urged  to  investigate  the  increase  of  srasitive- 
ness  found  by  washing  in  water,  as  it  may  be  of  conffldeiaUe 
advantage  to  so  treat  their  panchromatic  plates  before  ptacii^ 
them  on  the  markeL 

IX.  7HB  TECHNIQUE  OF  NATS  BA^ffllNG 

More  or  less  diflSculty  will  be  expmenced  by  anyone  leamii^ 
to  bathe  plates.     It  is  advisable  for  the  beginner  to  carry  out 


the  process  in  full  light.  This  will  enable  him  to  follow  the 
process  and  to  discover  the  effect  of  the  different  baths  on  the 
plate;  whether  or  not  the  bathing  is  sufficiently  long  fOT  the  dye 
to  get  through  the  emulsion,  and  whether  or  not  the  rinse  removes 
the  dye  well  enough  from  the  gelatine.  It  will  tell  him  how 
much  he  has  to  rock  the  trays  containing  the  baths  and  will  .give 
him  some  idea  of  how  long  it  takes  the  plate  to  dry  after  bathing. 
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An  essential  of  successful  sensitizing  is  absolute  cleanliness. 
Dnst  or  partides  of  old  dye  baths  remainii^  in  the  trays  will 
cause  spots  and  streaks.  Glass  trays  are  to  be  prcfeired  to 
enameled  trays  because  ai  the  smoother  surface  and  the  less 
Hkelihood  of  contamination. 

Foggy  plates  may  be  due  to  a  number  of  causes — ^the  choice 
of  the  wrong  bcukd  of  plates  for  sensitizti^,  stray  light  during 
bathing  and  drying,  the  use  of  baths  at  too  h^  a  temperature, 
slow  dryii^;,  or  too  much  ammonia  in  the  dye  bath. 

Sow  dryii^  sometimes  gives  rise  to  areas  of  varying  sensttive- 
ness  on  the  plate,  depending  upon  which  part  of  the  plate  dries 
first  The  rate  of  drying  may  be  increased  by  the  use  of  the 
alcohol  rinse  and  by  the  use  of  a  [»t>per]y  desgned  drying  cabinet. 

The  drying  cabinet  shown  in  Fig.  32  has  sevo^  advantages. 
The  air  driven  in  at  the  top  by  an  electric  fan  passes  throu^ 
efficient  light  traps,  both  at  the  top  and  the  bottom.  Two 
doors  form  the  front  of  the  box  and  opening  them  gives  access 
to  all  of  the  shelves,  of  which  there  are  four,  to  hold  dryii^  racks 
filled  with  plates.  The  u^M'i^t  form  of  the  cabinet  gives  it  a 
very  lai^  capacity  for  the  amount  of  floor  space  required.  The 
long  distance  the  air  has  to  travel  gives  tmiform  distribution  of 
the  air  current  to  all  parts  of  the  box  in  which  plates  may  be 
placed. 

X.  PROCEDURE  AND  F0RMI7LAS 

1.  Stock  solutions. — Stock  solutions  are  usually  made  with 
pure  ethyl  alcohol  (90  per  cent  or  stronger).  Some  dyes  are 
water  soluble  (erythrosin),  while  others  dissolve  in  methyl  alcohol. 
The  usual  strength  is  i  g  of  dye  to  1000  cc  of  alcohol  (or  in  the 
same  proportion).  Some  dyes  are  less  soluble  than  this  and 
require  from  2000  to  10  000  cc  of  alcohol  to  dissolve  i  g  of  dye. 
It  is  advisable  to  put  the  dye  in  the  solvent  instead  of  pouring 
the  solvent  on  the  dye,  as  some  of  the  dye  may  stick  to  the  bottom 
of  the  bottle  and  require  considerable  more  shaking  to  get  into 
solution.  If  the  dye  does  not  dissolve  in  cold  alcohol,  the  bottle 
containing  the  dye  may  be  placed  in  a  water  bath  and  heated 
until  the  alcohol  boils.  If  it  does  not  go  into  solution  after 
boiling  30  minutes,  more  alcohol  should  be  tried. 

2.  Water  solutions. — The  bath  is  composed  of 
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Pinacyanol. — ^Waah  the  plate  five  minutes  before  bathing. 
Balbe  two  minutes.  Kinse  in  alcohol  until  the  film  feela  hard 
(three  to  five  minutes). 

Pinaaierdol,  Pinackrome,  OrUtockrome  T. — Ptemudt  optional. 
If  prewash  is  omitted,  bathe  for  four  minutes. 

Homocol. — Prewash  optional,  bathe  four  minutes  if  omitted. 
For  increased  sensitizing  actitm,  add  2  cc  of  ammonia. 

3.  Water,  alcohol,  and  ammonia  solutions.  To  be  used  when 
water  dye  bath  flocculates  on  adding  ammonia. 

Water 65 

Ethyl  alcohol  (95  per  cent) 3S 

Stock  nlutkai •-4 

Anunonia  (twenty-eight) s-4 

In  mixing  this  bath  allow  the  alcohol  and  water  to  cool  after 
mixing,  add  the  stock  solutiou,  stir  well,  and  then  add  the  ammonia. 
Some  baths  work  better  if  the  minimum  amount  of  ammonia 
is  added  before  bathing  the  first  plate,  and  more  ammonia  added 
as  the  bath  loses  its  ammonia. 

The  plates  are  put  directly  in  this  bath,  care  being  taken  that 
the  bath  covers  the  entire  plate.  Bathe  for  fotu  or  five  minutes 
and  rinse  in  alcohol  tmtil  the  film  is  hard.  Temperature  should 
be  18°  C.  or  less. 

Pinacyanol. — ^As  directed. 

Dicyanin. — Requires  full  amotmt  of  ammonia. 

XI.  SUMMART 

An  investigation  of  the  methods  of  sensitizing  ordinary  plates 
i^  bathing  shows  that  certain  precautions  are  necessary  with  some 
of  the  modem  photosensitizing  dyes  and  not  with  others. 

Dicyanin  gives  a  much  greater  sensitiveness  and  extends  farther 
into  the  infra-red  when  used  in  a  dilute  alcoholic  solution  with 
ammonia  than  when  used  with  water  alone. 

Pinacyanol  gives  good  results  in  dilute  alcoholic  solution  willi 
ammonia,  but  plates  bathed  in  water  and  stock  solution  are  almost 
as  sensitive  and  keep  much  better,  provided  the  plates  are  thor- 
oughly washed  before  sensitizing,  as  the  soluble  salts  contained  in 
the  emulsion  prevent  the  sensitizing  action  by  flocculating  the 
dye. 

Washing  has  a  favorable  action  on  the  color  sensitiveness  of 
panchromatic  plates  and,  vriiile  not  so  marked  as  the  action  of 
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dthite  ammonia,  it  gives  no  increase  in  fog,  which  always  follows 
the  use  of  ammonia. 

The  modem  orthochromatic  sensitizers,  pinachrome,  pina- 
verdol,  homocol,  aiul  orthochrome  T,  are  much  less  sensitive  to 
electrolytes  than  are  pinacyanol  and  dicyanin.  Ammonia  may 
be  added  to  a  staining  bath  of  water  and  stock  solution  only, 
but  does  not  increase  the  sensitizing  action  appreciably  except 
in  the  case  of  homocol. 

Films  are  best  sensitized  in  a  bath  containing  water,  alcohol, 
atnmonia,  and  stock  solution- 
Certain  brands  of  orthochromatic  plates  were  found  to  be 
superior  to  plates  bathed  with  erythrosin  (Kahlbaum's),  but  no 
panchromatic  plate  compared  favorably  with  pinacyanol  bathed 
plates,  except  one  experimental  emulsion  furnished  by  an  American 
ifacturer. 


Washington,  July  12,  1921, 
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OPERATION  OF  THE  MODULATOR  TUBE  IN  RADIO 
THXPHONE  SETS 

By  £.  S.  Pmingiao 


The  modulatnr  tubes  of  iKdio  telephone  truisoUtten  uKd  in  commercial  (uod  mUitaiy 
•ets  operate  essentially  as  aperiodic  power  ampliiiers  of  speech  currenta.  The  load 
on  these  tubes  is  determined  approximately  by  the  volt-ampere  characteristica  of  the 
radio  geaentiiiK  ciicnit,  at  measured  at  its  pUte  power  input  tenninab.  At  apcech 
facqnendes  other  eSecta  occur  ufollom: 

I.  Current  to  tlie  modulators  and  the  generating  circuit  in  parallel  ia  supplied 
thiDi^h  as  audio  chole  coil.  The  finiteness  of  the  Inductance  of  this  ooil  results  in 
CD  IsductiTe  component  to  the  load. 

a.  The  radio  generating  ciicuit  oootoina  luitable  Impedancci  to  ptevcnt  connunp- 
tion  of  radio  power  by  the  modulator  tubes.  These  and  other  parts  of  the  generating 
circuit  may  inodtice  reactive  components. 

3.  Inctmsequenceof  the  vaiiationof  the  input  power  to  the  generating  circuit,  the 
deared  speech  variolioDa  of  radio  output  powec  occur.  Rjwct  must  be  generated  to 
Tar;  the  electromagnetic  energy  anocisted  with  the  output  circuit,  as  well  as  to  supply 
the  resistance  losses.  A  reaction  occun  tending  to  produce  a  capocitive  component 
to  the  load  on  the  modulaton. 

The  vahw  of  a  rtKlia  telephone  bnnmitter  In  conveying  speech  ngnals  is  mennred 
not  by  the  power  output,  but  rather  by  the  vaiiatias  of  power  output  during  speech. 
Usually  optimum  results  are  obtained  when  the  power  rating  tA  all  the  modulator 
tubes  equals  the  power  rating  of  all  the  radio  generator  tubes.  Under  these  oonditiona 
Ae  load  upon  the  modtdatois  iaone  iato  wUdi  tbey  may  operate  with  bett  efficiency. 
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I.  INTRODUCTIOH 

The  fimctioii  of  a  modulating  device  in  radio  commimication  is 
to  vary  the  output  current  of  a  radio  generator  at  a  frequency  or 
at  frequendes  lower  than  the  radio  frequency  involved.  In  a 
certain  sense  practically  all  radio  communication  using  sin^ 
wave-length  ^gnals  is  by  a  modulation  method.  In  continuous 
wave  transmission,  the  keying  by  which  the  signals  are  conveyed 
constitutes  a  dot-and-dash  modulation  of  the  antenna  current. 
In  the  operation  of  spark  and  other  tone  transmitters,  the  radio 
frequency  wave  trains  are  sent  out  at  more  or  less  regular  inter- 
vals at  an  audio  frequency,  so  that  an  audible  note  is  heard  upon 
rectification  with  a  detecting  device.  In  addition  to  tins  audio 
modulation,  a  second  order  of  dot-and-dash  modulation  is  required 
for  conveying  the  telegraph  signal.  In  radio  telephony  the  me^ 
sage  whidt  is  conveyed  depends  upon  the  first  order  modulation 
itself.  The  antenna  current  is  made  to  vary,  not  at  a  single  tone 
frequency,  but  with  frequencies  and  in  degrees  corresponding  to 
the  pitches  and  intensities  of  the  sound  waves  produced  by  the 
voice  of  the  speaker.  In  consequence,  upon  rectificatitm  of  the 
received  radio  signals,  there  are  produced  in  the  receiving  tele- 
phones electrical  currents  which  are  of  precisely  the  same  nature 
as  would  be  produced  by  communication  by  wire  telejdiony. 

The  present  paper  deals  with  the  essential  electrical  phenomena 
associated  with  the  modulating  device  used  in  most  of  the  present 
tjrpes  of  radio  telephone  transmitters  employii^E  electron  tubes. 
The  various  methods  of  modulating  the  output  of  a  generating 
circuit  are  discussed  and  the  inherent  superiority  of  plate  modu- 
lation is  pranted  out.  A  complete  radio  telephone  network  usir^ 
such  plate  modulation  is  analyzed  into  simpler  imjts,  and  the 
essential  and  elementary  operation  of  the  modulator  unit  described, 
in  detail.  The  electrical  limitations  upon  the  proper  functioning 
of  the  modulator  tube  are  pointed  out  and  the  relative  importance 
of  these  Hmitations  discussed.  The  strength  of  speech  agnal  con- 
veyed by  a  radio  telephone  set  is  discussed,  and  suggestions  are 
made  as  to  the  proper  method  of  rating  radio  telephone  sets  as  to 
power  output. 

n.  METHODS  OF  MODULATING  THE  RADIO  OUTPUT  CUR- 
RENT OF  AN  ELECTRON-TUBE  GENERATING  CIRCUIT 

With  the  generating  device  erf  an  electron-tube  circuit,  speech 
modulation  is  accomplished  usually  by  one  of  three  general  meth- 
ods.   The  simplest  is  by  variable  absorption  of  the  radio  fre- 
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quency  output  of  the  circuit,  as,  Iot  example,  by  the  msertion  of 
a  speech  operated  microphoae  in  the  antenna  lead  from  a  con- 
tinuous wave  generator.  A  different  method  of  variable  power 
absorption  is  by  shunting  the  generator  tube,  or  parts  of  the  out- 
put circuit,  wi^  another  electron  tube.  The  grid  voltage  of  this 
power  absorbing  tube  is  varied  at  speech  frequencies  by  the  use 
<rf  a.  microphone  and  speech  transformer.  The  combination  of 
microphone  and  power  tube  is  capable  of  absorbing  more  radio 
power  than  the  microphone  itself  wotdd  be  able  to  handle,  other- 
wise the  operaticm  is  quite  similar  to  modulation  with  a  micro- 
phone directly  in  the  antenna  lead.  These  methods  of  radio 
power  absorption  are  very  little  used  in  practice,  largely  because 
the  generating  device  is  required  to  produce  much  more  radio 
power  than  that  utilized  by  the  actual  antenna  or  other  radiating 
device. 

A  seccmd  method  of  modulation  is  by  varying  the  operating 
grid  voltage  of  a  generating  tube  at  speech  frequencies.  In  such 
apparatus  the  ^condaiy  of  a  speech  transformer  is  inserted  in  the 
grid  lead,  this  secondary  being  shunted  with  a  radio  condenser  so 
that  the  operation  of  the  generator  circuit  will  not  be  influenced 
by  the  high  reactance  of  the  transformer  windings.  A  microphone 
and  battery  in  the  primary  of  the  transformer  cause  variations  in 
the  average  grid  volt^e  taken  over  successive  radio  cycles,  and 
therefore  change  the  operation  of  the  radio  generator.  This 
method  of  modulation  is  not  extensively  used,  chiefly  because  the 
radio  frequency  output  of  a  generator  circuit  is  usually  not  readily 
altered  by  varying  the  operating  grid  voltage.  The  grid  voltage 
operating  point  is  important  in  determining  e£Sciency,  but  not  the 
output  current,  provided  the  conditions  are  such  that  good  articu- 
lation results.  By  reducing  the  operating  grid  voltage  on  a  gen- 
erating tube  sufficiently,  usually  a  point  is  reached  at  which  the 
oscillation  suddenly  brealEs  and  the  radio  output  current  imme- 
diately drops  to  zero.  Grid  modulation  which  thus  cuts  ofl  tlie 
antenna  current  suddenly  and  completely  results  in  very  poor 
articulation.  While  with  careful  adjustments  the  breaking  ot  the 
oscillation  may  be  sufficiently  gradual  to  permit  good  speech,  this 
method  is  not  considered  to  be  one  in  which  the  modulation  process 
is  inherently  reliable  in  telephone  sets. 

A  third  method  of  modulation  is  by  varying  the  input  plate 
power  of  a  generating  circuit;  that  is,  the  average  plate  voltage  and 
plate  current  of  the  generating  tube  or  tubes  of  a  radio  circuit  are 
caused  to  vary  at  the  lower  or  modulating  frequencies.     This 
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method  is  employed  in  practically  all  present  commercial  and 
military  types  of  electron-tube  radio  telei^ione  sets.  It  possesses 
the  advantage  over  the  first  method  that  practically  all  the  radio 
power  output  may  be  used  in  transmission  of  signals.  On  account 
of  the  nearly  linear  relations  between  cause  and  effect  with  this 
method,  it  is  inherently  superior  to  both  the  other  methods  as  to 
articulation.  In  the  transmission  of  speech  signals  the  plate 
power  of  the  generating  tube  is  altered  by  the  use  of  a  power  tube. 
which  from  its  functioning  is  termed  a  modulatca*  tube.  It  is  the 
operation  of  this  tube  which  is  the  center  of  discussion  in  the  in'es- 
ent  paper.  In  connection  with  the  discussion,  however,  are 
developed  other  topics,  some  of  which  are  of  interest  in  connection 
with  any  method  <^  modulation. 

m.  GENERAL  RELATIONS  IN  RADIO  TELEPHONE  TRANS- 
MITTER SETS  USING  PLATE  MODULATION 

A  radio  telephone  set  using  plate  modulation  is  a  more  or  less 
complicated  network  in  which  three  classes  of  currents  coexist — 
radio  frequency,  audio  frequency,  and  direct.  In  Fig.  i  is  shown 
schematically  a  typical  radio  telephone  transmitter  set,  analyzed 
for  purposes  of  discussion  into  four  distinct  units.  At  the  ex- 
treme right  is  the  radiator  unit,  which  joins  up  the  transmitter 
with  the  distant  receiving  station.  The  signal  which  is  conveyed 
depends  upon  the  nature  of  the  wave  form  of  current  in  this  radi- 
ator unit,  and  is  independent  of  the  process  by  which  that  current 
is  produced.  The  useful  currents  in  this  circuit  are  of  radio  fre- 
quency. The  modulating  mechanism  may  cause  slight  audio  cur- 
rents to  flow  in  the  radiator  imit,  but  these  produce  practically  no 
effect  except  at  near-by  stations.  In  the  figure  shown  such  audio 
ciurents  result  from  the  audio  current  flowing  in  tiie  lead  to  the 
tube  O,  which  is  inductively  coupled  to  the  antenna  or  radiator 
circuit.  During  speech  the  radio  frequency  current  is  of  variable 
ampUtude  and  is  known  as  modulated  radio  frequency.  For  the 
purpose  of  explaining  the  general  operation  of  the  transmitter  it 
is  imnecessary  to  analyze  completely  the  wave  form  of  this  current. 
Curves  showing  the  nature  (rf  the  wave  form  with  sine  wave  modu- 
lation are  ^own  later  in  Figs.  8  and  u,  and  the  analytical  ex- 
pression for  such  a  wave  form  is  given  by  equation  14,  page  397. 

To  the  left  of  the  radiator  unit  is  the  radio  generator  unit.  This 
contains  electron  tubes  which,  from  the  functions  i)erformed  by 
them,  are  known  as  oscillator  tubes,  and  also  contains  the  other 
electrical  equipment  essential  to  the  production  of  radio  frequency 
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power  frtxa  wbatever  power  is  supplied  at  the  input  b+  andb~ 
terminals  of  this  unit.  An  essential  part  of  any  generating  unit 
in  radio  tele{diony  is  a  device  such  that  the  radio  frequency  volt- 
age across  the  input  terminals  is  small  compared  with  other  volt- 
ages of  lower  orders  of  frequency.  In  the  present  case  this  device 
is  a  condenser  Ch,  the  reactance  of  wbicb  for  radio  frequencies  is 
low  compared  with  the  ratio  of  average  plate  volt^e  of  the  oscil- 
lator tubes  to  the  average  plate  current.  In  any  continuous  wave 
transmitter  a  device  of  this  nature  is  required  in  case  the  radio 
impedance  of  the  system  supplying  the  plate  power  is  so  high 
that  otherwise  considerable  radio  voltage  variations  would  occur 
across  the  input  terminals,  limiting  the  useful  power  output.  In 
the  {H'esent  case  the  condenser  Cb  may  be  thought  of  as  an  electrical 
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valve  which  prevents  radio  frequency  power  woridt^  back  into 
the  part  c^  the  netwcn-k  to  the  left,  but  which  does  not  interfere 
with  the  lower  frequency  power  entering  the  generating  system. 
The  particular  lype  of  generating  circuit  is  known  as  the  Meissner 
circuit,  which  is  classified  electrically  as  one  with  plate  and  grid 
both  inductively  coupled  to  the 'radio  frequency  circuit,  using 
series  power  supply  with  the  same  radio  frequency  circuit  flowing 
through  the  plate  coupling  coil  as  throt^h  the  tube.  In  place  <k 
such  a  circuit  any  of  a  large  number  of  other  types  might  be  used, 
as,  for  example,  the  type  shown  later  in  Fig.  6.  In  the  generator 
unit  all  three  types  of  electrical  currents  exist.  The  power  enter- 
ing the  unit  during  operation  is  direct  power  and  audio  power. 
Hie  output  through  the  antenna  and  ground  terminals,  A  and  G, 
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is  modulated  radio  frequency.  While  a  tube  in  continuous  wave 
telegraphy  may  be  thought  of  as  a  converter  of  power  from  direct 
to  radio  frequency,  in  a  radio  telephone  set  the  generatiw  tube 
converts  power  from  direct  and  audio  to  modulated  radio 
firequency. 

To  the  left  of  the  generator  unit  is  the  modulator  unit,  the  func- 
tion of  which  is  to  supply  audio  and  direct  power  to  the  generator 
tmit,  the  audio  power  being  controlled  by  the  operator  speaking 
into  the  microphone.  In  die  case  shown  an  electron  tube  is 
shunted  across  the  input  terminals  of  the  generator  unit,  the  two 
in  parallel  being  supplied  with  direct  power  irota  a  dfrect-cmrent 
source  through  the  iron  cored  choke  coil  Lb.  The  tube  in  this 
case  is  a  speech-controlled  resistance  in  which  the  instantaneous 
resistance,  or  ratio  of  plate  voltage  to  plate  current,  is  determined 
largely  by  the  instantaneous  grid  voltage.  On  account  of  the 
functions  it  performs  it  is  known  as  a  modulator  tube.  Mechan- 
ically it  is  usually  the  same  as  the  oscillator  tube.  When  tubes  are 
paralleled,  approximately  as  many  modulator  tubes  are  used  as 
oscillator  tubes.  Tbe.  modulator  tube  is  a  converter  of  power 
from  direct  to  audio  frequency  and  the  audio  current  and  voltage 
output  of  the  modulator  tube  is  a  more  or  less  faithful  reproduc- 
tion of  the  audio  voltage  imja-essed  upon  the  grid  of  the  modula- 
tor tube  by  the  use  of  a  microphone  and  transformer.  The  modu- 
lator tube  therefore  functions  as  an  aperiodic  power  amplifier. 
The  audio  power  output  may  be  tested,  for  example,  by  connect- 
ing a  suitable  resistance  and  stopping  condenser  in  series  across 
from  m  to  n  of  Fig,  i,  instead  of  the  generating  circuit.  TTje 
power  which  is  manifested  by  the  heating  effect  upon  the  reastance, 
during  speech,  is  entirely  audio  power,  converted  from  direct  power 
from  source  Eb  through  the  agency  of  the  modulator  unit.  Tubes 
for  modulating  are  usually  designed  to  operate  with  a  negative 
average  voltage  on  the  grid,  which  in  the  case  shown  is  obtained 
by  the  use  of  a  battery  in  the  grid  lead.  The  choke  coil  Lv  of  the 
modulator  drcuit  partially  performs  the  same  function  for  the 
modulator  unit  as  does  the  condenser  Cb  for  the  generator  unit. 
It  prevents  audio  currents  produced  by  the  unit  from  working 
bade  through  the  input  terminals  B+  and  B~ ,  and  in  -Qna  it  is 
aided  by  the  condenser  Cb.  It  performs,  however,  another  im- 
portant function. 

If  a  fixed  impedance  and  a  variable  impedance  be  connected  in 
parcel  and  placed  across  a  direct  power  source  of  zero  internal 
impedance,  then  variations  of  one  impedance  will  not  disturb  the 
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cuirent  to  the  other  unless  the  two  in  parallel  are  supplied  with 
powerthroughacommonlineinipedance.  The  generator  unit  may 
be  thought  of  as  the  fixed  impedance  and  the  modulator  tube  as 
the  variable  impedance  in  parallel,  both  being  supplied  with  power 
through  thecommonimpedanceLB.  Without  this  impedance  prac- 
tically no  variations  in  the  audio  frequency  voltage  across  the  b  + 
andb—  terminals  could  occur.  The  impedance  of  Lb  is  usually  high 
for  the  average  speech  frequency  of  800  cycles  per  second,  in  com- 
parison with  the  impedance  given  by  the  ratio  of  the  direct  voltage 
across  the  B  +  and  B  -  terminals  to  the  direct-current  constit- 
uent flowing  through  the  choke  coil,  doke  coils  for  this  pur- 
pose are  usually  built  with  an  air  gap  in  the  magnetic  circuit  and 
with  a  large  number  of  direct-current  ampere  turns  per  mat 
length  of  the  magnetic  circuit. 

To  the  left  of  the  modulator  unit  is  the  direct-power  supply 
unit.  In  this  case  it  consists  of  a  direct-current  generator  pro- 
vided with  filter  circuits  to  jn^event  voltage  due  to  commutation 
from  existing  across  the  terminals  B  +  and  B — .  The  condenser 
Ca  functions  doubly  as  a  part  of  the  filter  network  and  as  a  device 
which  by-passes  any  audio  frequency  current  which  may  flow 
throu^  the  choke  coil. 

To  summarize,  tracing  from  left  to  right,  the  {Hinuuy  power 
supply  to  the  set  is  direct  power  delivered  at  the  B+  and  B~ 
terminals  of  the  modulator  unit  By  an  audio  frequency  varia- 
tion of  the  modulator  tube  impedance,  audio  power  is  produced 
and,  together  with  direct  power,  is  supplied  to  the  b  +  and  b  ~ 
input  terminals  of  the  generator  unit.  As  a  result,  the  ampU- 
tude  of  the  radio  frequency  output  current  of  the  generator  unit 
is  varied  at  speech  frequencies  and  a  wave  form  emitted,  which 
upon  reception  gives  rise  again  to  speech  currents. 

IV.  THE  ELBMBNTART  FUNCTIONING  OF  THE  MODULATOR 
UNIT 

The  elementary  and  fundamental  functions  of  the  modulator 
tube  may  be  readily  shown  by  a  symbolization  of  the  adjacent 
units.  The  power  supply  unit  is  readily  symbolized  by  a  battery 
of  voltage  Eb,  which  represents  the  direct  voltage  across  condenser 
Cb  of  Fig.  1.  Across  this  battery  is  shunted  in  the  symbolized 
diagram  a  condenser  Cb  to  represent  the  capacity  reactance  of  the 
filter  network  to  an  audio  current  flowing  throu^  the  B  +  and 
B—   terminals.    The  symbolization  of  the  generator  unit  and 
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radiator  unit  may  be  by  the  use  of  experimentally  detennmed 
external  characteristics.  Thus  if  the  instantaneous  voltage  et, 
across  the  b  +  and  b  —  terminals  be  varied  at  a  low  frequency  there 
will  be  corresponding  changes  in  the  current  t'b  through  these 
terminals,  and  in  the  r.  m.  s.  antenna  ctirrent  i.  produced  by  the 
generator  system.  In  making  such  characteristics  it  will  be  under- 
stood that  all  controls  of  the  generator  unit,  such  as  filament  cur- 
rent, operating  grid  volt^e,  and  couplings  are  left  fixed.  Such 
characteristics  for  a  typical  generator  circuit  are  shown  in  Pig.  2, 
in  which  low  frequency  plate  current  and  value  of  antenna  curroit 
are  plotted  against  the  low  frequency  plate  voltage.    Over  the 
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range  shown,  an  approximately  linear  relation  exists  between  these 
three  quantities.  The  proportionality  relation  between  plate 
voltage  and  plate  current  indicates  that,  as  far  as  the  modulator 
unit  is  concerned,  the  generating  and  radiator  unit  behave  roughly 
as  a  resistance  in  this  case  of  approximately  3000  ohms.  This 
ratio  of  e^,  to  »b  may  be  termed  the  input  impedance  of  the  genera- 
tor unit.  TTie  modulation  characteristics  for  plate  modulation 
inherently  give  better  linear  relations  between  cause  and  effect 
than  similar  characteristics  for  the  other  types  of  modulation. 

In  Fig.  3  is  shown  the  simplified  modulator  diagram  which  may 
be  used  in  discussing  the  elementary  functioning  of  the  modulator 
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tube.  In  this  diagram  the  power  supply  unit  has  its  representa- 
tive in  the  battery  Eh,  and  the  generator  and  radiator  units  are 
symbolized  by  a  resistance  J?b-  The  value  of  this  resistance  is  an 
important  factor  in  determining  how  many  tubes  must  be  used 
in  order  that  the  modulator  part  of  the  set  may  operate  with  good 
electrical  efficiency.  Another  important  factor  is  discussed  in 
Section  IX. 

V.  LOAD  IMPEDANCE  AS  SPECIFIED  BY  WAVE  FORM  OF 
PLATE  VOLTAGE  AND   CUKRENT 

With  the  modulator  miit  as  symbolized  in  Pig.  3,  operating 
under  the  ideal  conditions,  with  choke  coil  Lb  of  infinite  imped- 
ance, the  pulsations  of  the  load  current  tb  and  of  the  modulator 
tube  current  i^  will  be  exactly  180°  out  of  phase  with  each  other, 
since  the  sum  of  these  currents  will  be  the  direct  and  unvarying 
current  throu^  the  choke  coil  La.  The  voltages  across  the 
load  Ch  and  across  the 

tube  «ni  are  obviously  j.  ^_  «aBWaMy        '<^—^  ^ 

the  same  and  there- 
fore in  phase.  Since 
the  load  current  and 
voltage  are  in  phase, 
on  account  of  the 
load  being  a  resist- 
ance, it  therefore  fol- 
lows that  the  tube 
alternating  voltage 
and  the  alternating  current  are  exactly  180°  out  of  phase,  with  the 
total  plate  current  a  maximum  when  the  plate  voltage  is  a  mini- 
mum. Moreover  the  load  resistance  is  simply  related  to  the  plate 
voltage  and  current  wave  forms.  In  this  simple  case  the  maxi- 
mum departure  of  voltage  from  mean  divided  by  the  maximum 
departure  of  current  from  mean  gives  the  value  of  the  load 
resistance  J?b- 

ITie  conception  of  the  impedance  being  specified  by  the  plate 
voltJ^  and  current  wave  forms,  however,  is  of  more  general  ap- 
plication than  in  this  special  case.  Thus,  in  any  circuit  in  which 
the  tube  is  hmctiMiing  with  direct  currents  and  voltages  present 
as  well  as  alternating  fundamentals  and  hannonics,  the  wave 
forms  of  plate  voltage  and  plate  current  with  a  single  fundamental 
present  must  necessarily  be  of  the  form 

e  =  «  +  Een  sin  {nat+  flj  (i) 

i-l  +  'Sin  sin  (mj^+^J  (2) 


Rio.  3. — Simplifitd  moduiator  diagrani 
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in  which  e  and  {  are  tune  averages,  or  direct  values  of  voltage  and 
cuirent,  e,  and  ia  are  the  amplitudes  of  the  n*"  harmonic  voltage 
and  current,  and  0^  and  ^a  are  phase  angles.  In  terms  of  the  wave 
form,  e  and  i  are  the  direct  values  of  the  voltage  and  current  sup- 
plied by  the  pover  sources  jointly  to  the  tube  and  its  load.  In 
the  present  case,  the  current  through  the  choke  Lb  may  be  thought 
of  as  being  in  two  portions,  that  which  supplies  the  direct  or 
average  current  to  the  tube  and  that  which  supplies  the  average 
current  to  the  resistance  R^.  The  product  1 1  represents  the  total 
power  delivered  by  the  battery  which  is  consumed  in  the  tube 
structure  and  converted  into  alternating  power  by  the  tube 
action.  By  taking  the  product  of  the  instantaneous  tube  voltage 
and  current,  and  averaging  over  a  complete  cycle  the  power  ccm- 
sumed  by  the  tube  is 

^■e  l  +  2!ii»  cos  (*„-fl.)  (3) 

The  quantity  e  %  may  be  termed  the  direct  power  consumed  by 
the  tube,  and  the  remaining  terms  the  alternating  power.  Pco* 
n-i,  the  power  -^~^  cos  C^i-^i)  is  the  fundamental  alternating 

power  and  for  the  higher  values  of  n  the  powers  are  the  harmonic 
power.  Neglecting  the  slight  plate  power  which  may  be  derived 
from  the  filament  heating  sotu'ce  throi^h  the  action  of  initial 
velocity  of  emission,  and  that  vriuch.  might  in  some  cases  be  de- 
rived from  the  grid  circuit  throt^h  the  agency  of  secondary  emis- 
sion, the  plate  battery  is  the  only  source  of  power  which  heats  the 
plate  of  the  tube  and  supplies  the  output  power  of  the  tube. 
Since  the  power  delivered  to  the  tube  and  to  the  alternating  cur- 
rent load  upon  the  tube  is  e  {,  and  since  analjrtically  the  direct 
power  consumed  by  the  tube  is  also  this  quantity,  it  follows  that 
the  alternating  power  consumed  by  the  tube  is  equal  in  magni- 
tude and  opposite  in  sign  to  the  alternating  power  consumed  by 
the  load  on  the  tube.  The  total  alternating  power  consumed  by 
the  tube  must  therefore  be  a  negative  quantity,  and  the  actual 
power  consumed  by  the  tube  is  less  than  the  product  of  the  aver- 
se plate  voltage  and  the  average  plate  current.  For  the  funda- 
mental output  power  the  value  cos  (^,-0,)  must  be  a  negative 
quantity;  that  is,  the  alternating  constituents  of  plate  voltage 
and  plate  current  must  differ  in  phase  by  more  than  90°.  Let 
^„=i8o-(*„-fla)  (4) 
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define  the  angle  by  whidi  current  and  voltage  depart  from  being 
exactly  180°  out  of  phase.    The  power  output  of  the  tube  of  any 


P.-°' •%""*•  t5) 

tiiis  being  detennined  entirely  from  the  wave  forms  of  tube 
voltage  and  current. 

The  quantities  en  t»  and  ifi^  further  define  an  output  impedance 
of  the  load  on  the  tube,  the  resistance  and  reactive  components 
of  which  are  givai  by 

i?„-^cosif„  (6) 

X«  =  ^sin)/'„  (7) 

Tliis  resistance  and  reactance  may  in  some  cases  correspond  to 
what  may  be  computed  from  constants  of  apparatus  in  ijie  tube 
circuit.  For  example,  if  in  Fig.  3  Lb  is  a  perfect  choke  coil, 
analysis  of  the  plate  wave  form  will  necessarily  give  (^n  =  o  and 
Ra=Rh  for  the  fundamental  and  every  harmonic  frequency. 
In  other  cases  when  apparatus  with  nonlinear  volt-ampere  rela- 
tions is  used  as  a  load,  the  wave  forms  will  not  correspond  to  any 
that  may  be  computed  from  values  of  simple  impedances.  Thus 
in  Fig,  3,  if  Ra  is  replaced  by  a  resistance  with  nonlinear  volt- 
ampere  relations  as,  for  example,  a  two-electrode  electron  tube, 
then  the  analysis  of  wave  forms  of  plate  voltage  and  current  will 
give  values  of  R^  which  are  not  the  same  for  all  harmonics. 
Moreover,  the  values  of  R^  for  a  given  harmonic  will  vary  with 
the  amplitude  of  the  voltage  impressed  on  the  modulating  tube. 
The  values  of  Ru  and  X^  will  nevertheless  be  effective  values 
which  may  be  used  in  computations  of  the  power  output  and 
may  properly  represent  the  impedance  load  upon  the  tube. 

The  load  impedance  and  power  defined  in  this  manner  corre- 
spond to  the  entire  alternating  output  of  the  system,  irrespective 
of  the  localizations  of  the  dissipation  of  that  power.  In  the  case 
of  a  tube  in  an  oscillating  circuit,  it  includes  the  alternating  power 
fed  back  to  the  grid  branch  of  the  tube,  determined  in  a  similar 
manner  from  harmonic  analysis  of  the  grid  voltage  and  current 
wave  forms.  In  the  case  of  the  modulator  tube,  the  grid  alter- 
nating power  is  supplied  from  the  output  of  the  microphone  and 
transformer,  and  the  load  impedance  upon  the  modulator  tube  is 
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dependent  upon  the  relaticm  of  the  tube  and  the  apparatus  asso- 
ciated with  the  plate  circuit  only. 

With  the  conception  of  the  load  due  to  the  generating  system 
given  by  Fig.  3,  if  it  is  assumed  that  the  dicddng  action  of  the 
coil  La  is  perfect,  then  the  load  impedance  is  a  pure  resistance. 
Even  if  the  resistance  Rt,  is  not  a  pure  resistance  but  one  which 
varies  with  the  current  (as  Fig.  2),  with  the  conception  here  pre- 
sented the  load  on  the  modulator  tube  is  a  resistance  load,  al- 
though the  value  of  this  resistance  is  dependedt  on  amplitude  and 
is  different  for  harmonic  frequencies  than  for  fundamental.  If  on 
a  plane  with  voltage  as  abscissa  and  current  as  ordinate,  successive 
simultaneous  values  of  plate  voltage  and  current  for  the  modulator 
tube  be  plotted,  corresponding  to  a  complete  cycle  of  operation, 
and  if  this  trace  is  a  line,  inclosing  no  area,  then  the  load  is  a  resist- 
ance. For  a  specified  voltage  the  current  is  the  same  for  an 
increasing  voltage  and  decreasing  voltage.  If  this  line  of  opera- 
tion or  any  portion  of  it  incloses  area,  then  there  is  a  reactive 
component  to  the  load,  so  that  in  general  a  different  tube  current 
exists  for  an  increasing  voltage  of  a  given  value  than  for  a  decreas- 
ing voltage  of  the  same  value. 

Neglecting  harmonic  currents  and  volt£^;es,  for  a  reactive  load 
Ihe  trace  on  the  modulator  plate  current  i^te  voltage  plane  will 
be  an  dlipse,  with  a.  clockwise  sequence  of  succes^ve  points  fear  an 
inductive  load,  and  a  coimterclockwise  sequence  for  a  condensivie 
load.  Conddering  total  instantaneous  values,  however,  the  trace 
will  not  be  elliptical.  Any  phenomena  in  the  telephone  set  which 
tends  to  make  an  elliptical  trace  for  the  fimdamental  line  c^ 
operation  of  the  modulator  tube  may  be  said  to  tend  to  produce  a 
reactive  load. 

In  a  telephone  set  of  the  type  analyzed  in  Fig.  i,  there  are  three 
distinct  types  ci  phenomena  which  prevent  the  load  on  the  mod- 
ulator being  a  resistance  load.  The  first  arises  from  the  imper- 
fections of  the  choke  coil  Lb,  which  in  practice  is  not  entirely  free 
from  audio  currents.  The  second  is  due  to  the  reactive  impedance 
of  parts  of  the  generating  system.  A  third  effect,  of  a  more  subtle 
nature,  and  not  expressible  in  terms  of  reactances  of  inductors  or 
condensers,  arises  horn  the  resonance  phenomena  in  the  radiator 
unit.     These  three  effects  will  be  considered  in  turn. 
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VI.  EFFECT  OF  IMPERFECTIONS  IN  THE  AUDIO  CHOKE 
con.  UPON  THE  PERFORMANCE  OF  THE  SET 

In  the  modulator  unit  the  choke  coil  La  is  imperfect  due  to  the 
leactance  not  being  infinite  and  due  to  the  direct  resistance  of  the 
windings  and  effects  which  give  rise  to  purely  altematii^  current 
power  losses.  On  account  of  the  reactance  being  finite  an  alter- 
nating current  win  pass  through  the  choke  coil  when  the  tube  is 
operating.  Due  to  the  resistance  of  the  windings,  a  dh'ect  voltage 
drop  occurs  across  the  coU,  so  that  the  net  direct  volt^e  supplied 
to  tiie  tube,  given  by  the  average  voltage  e  is  less  than  the  direct 
vdtt^^  Ba  supplied  by  the  generator  or  battery.  These  efiects 
may  be  represented  by  the  use  of  the  diagram  Fig.  4,  which  repre- 
sents a  tube  circuit  with  the  same  performance  as  that  of  Fig.  3,  as 


Ao.  4.— Load  dM  to  amdio  tMu  coil 


far  as  tube  volt^e  and  current  and  the  current  to  resistance  Rt,  are 
concerned.  In  this  latter  figure,  the  choke  coil  in  the  battery  lead 
is  to  be  considered  a  perfect  choke  coil,  with  infinite  impedance 
but  no  resistance.  The  battery  Em'  represents  a  voltage  opposing 
the  main  battery  E»  of  magnitude  derived  from  the  circuit  of  Fig. 
3,  being  the  product  of  reastance  of  the  windings  and  the  average 
current  delivered  by  the  battery.  It  is  the  difference  of  these  two 
volt^es  which  gives  the  net  direct  voltage  impressed  on  the  tube. 
The  chain  of  impedances  Lb'  Rn'  C^'  represents  the  effects  of  the 
finite  impedance  of  the  choke  coil  of  Fig.  3.  Lb'  represents  the  in- 
ductance of  that  choke  coil  with  the  direct  current  flowing  through 
the  windings,  and  R^  rej^esents  approximately  the  alternating- 
current  resistance  of  the  choke  coil,  beii^  larger  than  the  direct- 
current  resistance.  Cs'  represents  the  effective  capacity  of  the 
power  supply  umt,  as  measured  from  the  B  +  and  B  —  terminals. 
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With  the  drcmt  of  Fig.  4,  the  plate  wave  forms  of  voltage  and 
current  correspond  to  the  impedance  of  Lb'  Ra  Cb'  in  series,  par- 
alleled by  the  resistance  Ry,.  The  total  load  cmrent  i\  which  is 
180°  out  of  phase  with  the  modulator  current  «_  is  composed  <£ 
two  portions,  that  passing  through  the  ch(^  coil  ie  and  the  useful 
output  current  «b  through  the  resistance  Rb.  Usually  the  react- 
ance of  the  choke  coil  is  the  greatest  of  the  three  impedance  in 
the  choke-coil  chain,  so  that  the  impedance  of  that  farandi  is 
inductive  and,  as  a  result,  there  is  an  inductive  component  to  the 
loaduponthe  tube.  Itresultsinthecurrentpulsationsinthetube 
current  *»  being  required  to  be  greater  than  the  pulsation  in  cur- 
rent in  the  useful  load  branch  Ry,.  If,  for  example,  the  reastance 
J?bis  5000  ohms,  the  value  of  Lb' is  1.33  henry  with  the  impedances 
of  Cb'  and  R^'  negl^ble,  then  the  impedance  cS.  the  choke-coil 
branch  at  the  speech  frequency  of  800  cycles  is  6700  ohms.  Ac- 
cordingly the  altematiQg  current  throu^  Hie  choke  coil  will  be 
75  per  cent  of  that  throu^  the  resistance  R\,.  The  vanation  in 
the  modulator  tube  current  will  in  consequence  be  required  to  be 
135  per  cent  of  the  variation  incurrent  to  the  resistance  R^.  To 
produce,  for  example,  an  8-milliampere  variation  in  the  usefol  out- 
put  current  of  the  tube,  the  variation  of  current  through  the  tube 
must  be  10  milliampercs.  It  is  because  a  reactive  component  to 
the  load  limits  the  possible  output  that  care  must  be  taken  to 
design  the  circuit  in  such  a  way  that  the  tube  voltage  and  tube 
current  shall  be  approximately  out  <A  phase.  To  avoid  excessive 
reactive  component  to  the  load  due  to  the  choke  cdl,  a  safe  rule 
is  to  make  the  reactance  at  800  cycles  at  least  two  or  tiiree  times 
the  value  of  the  resistance  R^. 

Vn.  EFFECT  OF  AUDIO  FREQUBNCT  IMPEDANCE  OF  PARTS 
OF  THE  GENERATING  SYSTEM  UPON  THE  PERFORMANCE 
OF  THE  SET 

Referring  back  to  the  diagram  of  Fig.  i,  a  source  of  reactive 
component  to  the  load  on  the  modulator  tube  has  been  derived 
due  to  the  reactance  oi  apparatus  in  the  modulator  unit.  Simi- 
larly a  second  source  of  reactance  load  exists  in  the  generating 
unit.  Thus  in  the  diagram,Fig.  5, condenser  Cb  is  required  to  be 
<A  low  reactance  for  the  radio  frequency  current,  but  of  high  react- 
ance for  audio  currents.  If  the  ratio  of  the  radio  frequency  to 
the  audio  frequency  is  low,  it  may  not  be  possible  to  satisfy  both 
these  requirements.  The  characteristics  of  the  generating  system 
shown  in  Fig,  2  were  for  very  low  audio  frequencies,  such  that 
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reactive  effects  due  to  tlie  condenser  are  negligible.  Even  with  the 
condenser  present,  and  with  actual  operating  audio  frequencies,  the 
current  »b  may  be  interpreted  as  the  average  space  current  to  the 
osciUator  tubes  during  a  radio  cycle,  corresponding  to  the  average 
{date  ventage  ei,.    However,  to  produce  the  plate  volti^  e\,  the 


Flo.  5.— iSMw  tyf*  gmtroHny  dtctUt 


modulator  tubes  must  supply  not  only  the  conductive  current  »b, 
but  also  the  charging  current  to  the  condenser.  As  a  result,  the 
generating  imit  as  a  whole  is  behaving  as  an  impedance  with  a 
capacity  cconponent. 

Another  type  of  generating  circuit  is  shown  in  Fig.  6,  which  may 
be  used  in  radio  telephone  sets.     It  may  be  described  as  a  circuit 


Biinivslcot  (vdla 
hwd 
Fio.  6. — ParaUtl  tyPt  g*n«ratiMg  ciratil 

with  plate  direct  coupled  and  grid  inductively  coupled  to  the 
antenna  dnniit  and  with  a  parallel  power  supply.  Choke  coil 
Lb  performs  the  same  function  for  radio  frequencies  as  does  the 
choke  coil  L^  for  audio  frequencies  in  the  modulator  unit.  How- 
ever, there  is  an  upper  limit  to  the  possible  value  of  the  choke  coil 
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Lb,  ^nce  it  must  permit  the  audio  current  to  pass  into  the  gener- 
ating unit.  At  low  ratios  of  radio  to  audio  frequencies,  both  con- 
ditions can  not  be  met,  so  that,  in  general,  an  inductive  compo- 
nent is  imposed  upon  the  modidator  tube,  which  may  be  repre- 
sented as  an  inductance  in  series  with  the  resistance  R^. 

Impedances  in  the  generating  circuit  other  than  that  of  a  radio 
by-pass  condenser  or  a  choke  coil  may  be  of  importance.  Thus 
in  Fig.  6,  if  the  stopping  condenser  be  of  sufficiently  high  capacity, 
and  Lb  ^nd  L  in  series  are  of  sufficiently  high  inductance,  the 
Eystem  Lb,  C„  and  L  in  series  may  constitute  a  series  resonance 
circuit,  which  will  be  modified  by  the  resistance  ^b  being  shunted 
across  C,  and  L  when  the  tube  is  operating.  Such  effects  may  give 
rise  to  distortion  provided  the  resonance  occurs  within  the  audio- 
frequency range. 

The  choice  of  suitable  choke  coils,  stopping  condensers,  by-pass 
condensers  in  the  generator  unit,  depends  jointly  upon  the  radio 
frequency  and  upon  the  audio  frequency.  With  too  large  values 
of  the  radio  choke  coil  or  by-pass  condenser,  a  reactive  load  is 
imposed  upon  the  modulator  tube.  With  too  low  values,  radio 
power  will  flow  back  into  the  modulator  unit,  interfering  with  its 
proper  functioning  as  well  as  cutting  down  the  radio  power  available 
for  the  radiator  unit.  In  short  wave-length  radio  telephone  sets 
there  is  usually  little  difficulty  in  making  a  suitable  choice  of  values, 
but  in  long  wave-length  sets  particular  care  must  be  taken. 

Tin.  EFFECTS  07  RSSONAKCB  POWER  IN  THE  RADIO 
OSCnXATORT  CIRCUIT  UPON  THE  PERFORMANCE  OF 
THE  SET 

A  third  effect  causing  alteration  of  the  load  upon  the  tube  from 
a  simple  resistance  arises  because  of  the  energy  in  the  electro- 
magnetic field  of  the  radiator  unit.  This  effect  is  of  a  more  com- 
plex nature  than  the  other  effects  previously  mentioned,  which 
were  expressible  in  terms  of  reactances  of  condensers  and  induc- 
tances. It  is,  moreover,  an  effect  of  importance  not  only  in  plate 
modulation  methods  of  radio  telephony,  but  in  any  method  of 
radio  communication  involving  modulation  methods.  Two  meth- 
ods of  analysis  of  the  phenomena  will  be  presented.  The  first  is 
based  on  considerations  of  the  variations  in  power  required  to 
cause  a  specified  variation  in  current  in  a  radio  resonance  circuit. 
In  this  treatment,  attention  will  be  directed  to  the  phjrsical 
phenomena  involved.  The  second  method  is  based  upon  the 
analysis  of  the  wave  form  of  the  modulated  radio  currents  into 
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the  cairier  and  side  frequ^icies,  and  upon  the  behavior  of  the 
resonance  circuit  for  currents  of  each  of  these  frequencies. 

For  piuposes  of  discussion  it  will  be  of  advant^e  to  refer  to  a 
simple  type  of  resonance  system  and  a  simple  method  of  modulat- 
ing the  current  in  that  system.  A  possible  method  of  modulating 
is  shown  in  Pig.  7,  involving  the  use  of  two  alternating-current 
generators,  Gr  and  Gt,  the  former  turning  at  a  speed  corresponding 
to  a  radio  or  modulated  frequency  and  the  latter  at  a  speed 
corresponding  to  an  audio  or  modulating  frequency.  With  the 
key  K  open,  the  field  of  the  radio  generator  is  excited  by  direct 
current,  so  that  continuous  radio  currents  flow  from  the  armature 
of  that  generator.  By  closing  the  key,  the  field  strei^th  of  the 
radio  generator  is  ^^ried  at  an  audio  rate,  and  therefore  the  output 
voltage  is  varied  and  modulated  radio  frequency  current  flows 


Flo.  7. — Modulation  <f  nsomanc4  dradt 

from  the  armature.  The  resonance  load  upon  the  radio  generator 
is  the  parallel  system  L,  C,  R  tuned  to  the  frequency  corresponding 
to  the  speed  of  rotation  of  the  generator  G^. 

I.  POWER  RBUTIOHS  IN  KBSOHAirCE  STSTBMS  DOIIIHO  KODDIAHOM 

With  the  key  of  Fig.  7  depressed,  the  actual  wave  form  of  current 
through  condenser  C  of  the  resonance  system  may  be  approxi- 
mately as  shown  in  Fig.  8,  which  may  be  described  as  a  radio 
frequency  current  with  amplitude  pulsating  at  an  audio  frequency 
rate.  For  the  purpose  of  discussing  the  phenomena  from  power 
considerations,  imagine  the  instruments  e,  i,  t,  of  Fig.  7  to  record 
root  mean  square  values  sufBdently  rapidly  to  follow  accurately 
an  audio  current,  but  not  a  radio  current.  Thus  the  instrument 
H  will  follow  the  audio  variations  in  the  antenna  current,  as  shown 
by  the  trace  i,  of  Fig,  8.     Similarly  instruments  i  and  e  will  follow 
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the  variatiotis  in  the  input  radio  current  and  voltage  to  the  reso- 
nance system.  With  sine  wave  modulation,  it  is  apparent  that 
all  of  the  instruments  will  record  sine  wave  forms.  The  relations 
between  the  three  wave  forms  depend  only  upon  the  constants  of 
the  circuit  L,  C,  R,  and  the  radio  and  audio  frequencies.  For  a 
given  wave  form  of  current  i,,  the  audio  variations  in  the  power 
which  must  be  supplied  to  the  oscillating  circuit  may  be  computed. 
This  must  be  equal  to  the  power  registered  by  instruments  e  and  *, 
since  the  resonance  load  behaves  as  a  resistance  for  the  radio 
frequency  and  the  radio  current  through  i  must  be  in  phase  with 
the  radio  voltage  across  the  circuit  as  determined  by  the  current 
through  e.  Consequently  the  product  of  e  and  i  at  any  time  in  the 
audio  cycle  gives  the  radio  power  which  is  being  taken  by  the 


FlQ,  S. — Anitima  tmrrtnt 

resonance  circuit.  It  is  by  equating  the  values  for  power  as 
specified  by  these  two  methods  that  the  modulation  phenomena 
in  the  resonance  circuit  will  be  examined. 

For  the  determination  of  audio  variation  of  power  in  terms 
of  the  current  t.  and  the  constants  L,  C,  R,  two  parts  must  be 
taken  into  account.  At  any  instant  in  the  audio  cycle  power 
must  be  supplied  to  balance  the  losses  given  by  Ri^*,  in  which  R 
is  the  Itunped  resistance  and  t«  is  the  instantaneous  reading  of  the 
instrument.  Power  must  also  be  supplied  to  change  the  electro- 
magnetic energy  which  at  any  instant  of  the  audio  cycle  is  present 
in  the  circuit.  This  energy  is  given  by  Lt,*  in  which  L  is  the 
lumped  inductance  of  the  circuit.  During  the  radio  cycle  this 
energy  flows  back  and  forth  from  the  condenser  to  the  inductance. 
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the  amount  of  energy,  however,  remaining  constant  for  a  fixed 
amplitude.  With  the  amplitude  changing,  power  must  be  sup- 
plied  to  alter  the  energy  (intent  ol  the  circuit,  given  by  the  time 
rate  of  change  of  energy,  the  derivative  being  taken  in  the  audio 
time  scale.    Consequently,  the  total  power  given  is  by 

P-Ri^+^^iLi^)  (8) 

and  is  readily  computed  from  the  audio  wave  form  of  {,  and  the 

lumped  resistance  and  lumped  inductance  of  the  circuit. 

As  a  numerical  example  assign  the  following  constants  to  the 

resonance  circuit:         ,       ,    .      , .__ 

£,  — 160  microheanes. 

C— 0.004  microfarad. 
R—4  ohms. 
These  CMrespond  to  a  resonance  circuit  of  resonant  wave  length 
very  close  to  1 500  meters,  a  log  decrement  per  cycle  of  0.063,  *^^ 
a  resonance  impedance  of  10  000  ohms.  Let  the  ratio  of  the 
audio  frequency  to  the  radio  frequency  be  100  to  i,  so  that  the 
modulating  freqiuncy  is  very  closely  3000  cycles  per  second. 
Let  the  degree  of  pulsation  of  current  4  be  50  per  cent  about  the 
value  4  amperes,  so  that  the  wave  form  of  current  is 

t,-4  (i  +0.5  sin  12  500  t)  (9) 

Under  these  conditions  the  audio  variations  in  power  delivered 
to  the  resonance  circuit  computes  to  be  as  shown  in  the  upper 
curve  of  Fig.  9.  The  curve  P,  gives  the  variations  in  power  con- 
sumed by  the  resistance  R,  and  the  curve  Pa  gives  the  variation  of 
the  power  required  to  change  the  energy  content.  The  average 
value  of  the  latter  is  zero  when  taken  over  a  complete  audio  cycle. 
The  sum  of  the  cturves  P,  and  Pg  gives  the  variation  of  total  power 
P%  which  must  be  supplied  to  the  resonance  circuit  to  cause  the 
wave  form  i,  to  exist.  It  is  this  total  power  which  must  be  given 
by  the  product  of  the  pulsating  sine  wave  forms  of  voltage  e  and 
input  current  i  to  the  resonance  system  dtuing  the  modulation. 
The  problem  is  to  find  what  the  wave  forms  of  e  and  i  must  be  to 
have  a  product  given  by  the  curve  Pt.  This  problem  is  to  some 
extent  indeterminate. 

In  general  let  the  wave  forms  be  given  by 

K-/«  [i  +Am  sin  pt]  (10) 

e  -  E  [i  +  k,  sin  (pt +<!>;}]  (11) 

*  -/[!+*,  sin  (pt  +  4n)]  (12) 
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in  which  the  capital  letters  give  average  values  of  quantities  over 
an  audio  cycle  and  the  ^'s  denote  degrees  of  pulsation,  and  ^«  and 
01  represent  phase  angles  with  respect  to  the  wave  fonn  of  current 


watts 


Pig,  ^i—Modiilali*g  pawn 

»,.     From  the  condition  that  for  all  instants  of  time  in  the  audio 
cycle  the  identity  must  be  satisfied 


the  followii^  relations  will  be  foimd; 

1 .  Either  0,  must  be  zero  or  0i  must  be  zero. 

2.  If  *,-o,  then  k,~K,  *i=  tan-'  ^,  fe,-fe,sec*, 

3.  If  01 -o,  then  Ai-ife„  0.=  tan"'--^.  K'^K  sec  0, 


(13) 
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The  reaacms  for  the  two  possible  solutions  coming  out  of  this 
expression  is  that  nothing  is  specified  as  to  the  nature  of  the  reso- 
nance circuit  The  quantities  e  and  i  are  similarly  involved  in 
the  equation,  and  consequently  two  solutions  arise,  in  one  case  e 
being  in  phase  with  s.,  and  of  the  same  degree  of  pulsation,  and 
in  the  other  t  is  in  phase  with  ».,  and  of  the  same  degree  of  pul- 
sation. The  latter  case  corresponds  evidently  to  a  series  resonance 
circuit,  in  which  t  and  4,  must  be  of  necessity  the  same  wave  form, 
as  they  are  the  same  identical  currents.  The  former  case  corre- 
sponds to  resonance  circuits  of  the  parallel  type  in  which  the  input 
voltage  wave  form  is  similar  in  shape  to  the  oscillating  ciurent 
wave  form.  In  this  particular  circuit,  the  ratio  of  e  to  t,  is  the 
impedance  of  one  branch  of  the  resonant  circuit.  The  solution  is 
further  incomplete  because  the  ratio  of  £  to  /  is  not  determined 
by  the  analysis.  More  detailed  knowledge  of  the  circuit  must  be 
had  to  determine  uniquely  what  of  the  possible  wave  forms  are 
correct. 

For  the  case  of  the  oscillating  circuit  as  specified  above,  audio 
iTOve  forms  of  radio  current  and  voltage  which  are  consistent  with 
the  configuration  of  the  resonance  circuit,  and  which  when  multi- 
plied together  give  the  total  power  Pt,  are  shown  in  the  lower  part 
of  Fig.  9.  In  this  case  the  phase  angle  ^,  is  45*,  and  the  degree 
of  pulsation  of  input  current  is  the  square  root  of  two  times  the 
degree  of  pulsation  of  the  ciurent  t,.  Tlie  input  current  form  is 
seen  to  lead  the  voltage  form  in  the  audio  time  scale. 

2.  RADIO  FREQUERCT  PHENOHBH A  Df  A  RBSOHAITCB  CnCOIT  CARR7- 
raO  MODULATED  CDKRBNT 

To  determine  the  relations  between  the  radio  wave  forms  of 
input  current,  input  voltage,  and  condenser  current,  analysis 
must  first  be  made  of  the  condenser  current  into  its  radio  fre- 
quency constituents.  Then  the  performance  of  the  resonance 
circuit  must  be  determined  for  each  of  the  frequencies  present  in 
the  condenser  current.  This,  then,  will  determine  what  the  radio 
wave  forms  of  voltage  e  and  ciurent  »  will  be,  corresponding  to 
any  condenser  current  i^.  In  the  present  discussion  these  three 
sjTnbols  will  refer  to  instantaneous  nidio  frequency  values  of 
these  quantities  and  not,  as  previously,  to  the  instantaneous 
audio  value  of  the  effective  radio  values. 

The  wave  form  of  a  sine  wave  modulated  radio  frequency  cur- 
rent may  be  expressed  as 

H-ZV^  (i+*.  sin/>()  sin  {at +4,)  {14) 
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which  states  that  it  is  a  radio  frequency  current,  with  an  ampli- 
tude changing  sinusoidally  at  a  lower  frequency.  The  expression 
may  be  readily  expanded  into 

«.-/-^]sin  {«*+*) +  -^[cos(«/+*-/'0 -cos  (ftrf+*+/>0]j 

This  latter  expression  states  that  the  wave  form  is  the  sum  of 

three  currents  of  different  frequencies,  corresponding  to  angular 

velocities  u,  a-¥p,  a~p.     The  amplitudes  of  the  currents  of  the 

last  two  frequencies  are  the 

k 
same,  and  —  times  the  am- 

2 

plitude  of  the  current  of 
the  first  frequency.  These 
three  frequencies  are 
known  as  the  carrier  and 
the  two  side  frequencies. 
Important  relations  may 
be  brought  out  by  re^a-e- 
senting  these  currents  vec- 
tonally  as  in  the  top  dia- 
gram, I^g.  lo,  which  rep- 
resents the  current  flowii^ 
in  condenser  C  of  Fig.  7. 
Vector  C  represents  the 
current  of  the  carrier  fre- 
quency, and  is  to  be  con- 
sidered as  rotating  in 


Ao.  10.— MeAtlolMW  of 


counterclockwise  sense,  with  an  angular  velocity  u>.  The  vec- 
tors f+  and  s~  represent  currents  corresponding  to  the  side 
frequencies.  The  vector  j  +  is  rotating  with  an  angular  velocity 
(w  +  p)  and  therefore  at  a  velocity  +p  with  respect  to  the  carrier 
frequency.  The  vector  j  -  is  similarly  rotating  with  an  angular 
velocity  Cw-/>)  and  therefore  at  a  velocity  —p  with  respect  to 
the  carrier  frequency.  The  two  side  vectors,  upon  addition,  lie 
along  the  vector  for  the  carrier  frequency,  and  this  relation  is 
maintained  throughout  the  rotation.  The  degree  of  modulation 
is  the  ratio  of  the  sum  of  the  ler^ths  of  the  side  vectors  to  the 
carrier  vector,  in  this  case  it  is  50  per  cent.  The  position  of  the 
vector  C  indicates  the  point  in  the  radio  cycle  which  is  represented 
by  this  configuration  of  the  vectors.  In  the  fig^ure,  a  time  corre- 
^Kjnding  to  120°  in  the  radio  cycle  has  elapsed  since  the  vector 
C  was  in  a  horizontal  poation.    The  position  in  the  audio  cycle  is 
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^ven  by  the  angle  between  the  earner  vector  C  and  the  side 
vector  s+.  Thirty  degrees  in  the  audio  time  scale  have  elapsed 
since  the  three  cuirents  were  additive  to  give  maximtini  instan- 
taneous current. 

Thus  the  digram  shown  represents  a  particular  instant  of  time 
and  a  particular  point  on  the  wave  form  <^  a  modulated  current, 
just  as  a  ^gle  vectco*  represents  a  point  in  a  ^ne  wave  form.  Suc- 
cessions of  points  on  tiie  modulated  wave  form  are  determined 
through  the  rotaticois  of  these  vectOTS,  the  ade  vectors  rotating 
slowly  with  resp«rt  to  the  carrier  vector,  and  all  three  rapidly 
about  the  point  O. 

In  order  to  determine  the  wave  form  of  cturents  and  voltages 
existic^  in  other  parts  cd  the  resonance  circuit,  it  is  necessary  to 
know  the  peirfomiance  of  that  drcuit  for  currents  of  eadi  of  the 
three  frequencies.  This  knowledge  will  enable  computations 
and  vector  diagrams  to  be  made,  showing,  in  particular,  the  wave 
form  of  modulating  current  i  and  of  modulating  volt^e  e,  in  com- 
parison with  the  wave  form  of  output  current  «>. 

For  cbnvenience,  the  ratio  of  the  input  voltage  e  to  input  cur- 
rent will  be  termed  the  impedance  Z  of  the  resonance  circuit. 
Similarly  the  ratio  of  the  condenser  current  to  the  input  current 
may  be  termed  the  transformer  ratio  T,  since  it  gives  the  ratio 
by  which  current  is  increased  by  the  resonance  action.  Define 
the  resonance  frequency  n,  as  that  frequency  for  which  the 
reactance  of  the  condenser  is  equal  and  opposite  to  the  reactance 
of  the  inductance.  Let  any  other  frequency  n  be  specified  rela- 
tive to  the  resonance  frequency  by  the  equation 

n-«,(i+ffl  (15) 

so  that,  for  example,  if  J9=  -0.01,  the  frequency  n  is  i  per  cent 
less  than  the  resonance  frequency.  Let  a  =the  log  decrement  per 
cycle  of  the  resonance  circuit,  which  is  r  times  the  ratio  of  the 
series  resistance  of  the  circuit  to  the  lumped  inductive  reactance. 

Then,  for  any  frequency  in  the  resonance  region  it  may  be  readily 
shown  that  the  two  ratios  as  given  above  are  approximately 

e  y  Zg 

«"    ,,,^T/j  (16) 

«.„.7-..     JT' 

i  ,_^3li  ('7) 
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in  which  Za  and  To  are  nunurical  values  for  resonance  frequency 

L_ 
°CR' 

To— p"  Po*"  other  types  of  parallel  resonance  drcuits,  includ- 
ing the  case  of  a  resonance  transformer  with  inductive  coupHng 
but  with  negligible  primary  impedance,  the  values  of  Zo  and  To 

Z  T 

will  be  different,  but  the  ratios  =-  and  =rwill  vary  with  frequency 

in  quite  the  same  manner  as  in  the  case  dted. 

By  using  the  values  of  these  ratios  for  the  three  cases  0»o, 

J3=>  +^,  and  j3=  -^  the  carrier  and  side  vectors  may  be  evaluated 

for  the  input  modulating  cunent  and  modulating  volta^.    The 

last  two  diagrams  of  Fig.  10.  These  three  diagrams  show  the 
conditions  in  various  branches  at  the  same  instant  of  time. 

From  these  diagrams  the  modulating  current  is  seen  to  be  dif- 
ferent in  wave  form  from  either  the  modulating  voltage  or  the 
condenser  ^urrent,  having  a  degree  of  modulation  greater  in  the 
ratio  of  -^2  to  I .  Mcaeover,  the  audio  phase  of  modulating  cur- 
rent is  greater  by  45"  than  the  audio  phase  of  voltage  or  condenser 
current.  The  general  formula  for  phase  shift  of  modulation  and 
change  in  degree  as  determined  by  this  method  is  the  same  as 
that  obtained,  by  the  less  complete  but  more  general  treatment 
given  on  pages  393  to  397.     . 

As  an  illustration  of  the  actual  wave  forms  of  a  resonance 
circuit,  the  oscillogram,  Fig.  11,  shows  the  input  current,  input 
voltage,  and  the  condenser  current  obtained  by  low-frequency 
modulation  of  current  in  a  low-frequency  resonance  circuit,  by  the 
method  shown  in  Fig.  7.  The  inputcurrentisclearly  shown  to  be 
of  a  greater  degree  of  modulation  than  the  input  voltage  and  more- 
over to  precede  it  on  the  audio  time  scale.  That  more  power  is 
being  supplied  when  the  condenser  radio  current  is  of  a  given 
value  but  increasing  than  when  of  the  same  value  but  decreasing  is 
evident,  since  the  input  current  is  greater  in  the  former  case 
than  in  the  latter. 

The  effect  described  here  is  of  importance  in  any  electrical 
circuits  in  which  current  in  a  resonance  system  is  modidated  at  a 
lower  frequency.  While  in  radio  telephony  the  effect  is  not  of 
importance  at  short  wave  lengths,  it  does  commence  to  be  of 
considerable  importance  at  long  wave  lengths. 
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I    "  Input   Current. 


Fig.  II. — Chailge  of  modulaHott.     Waveform  al  the  Todiatoi  unit 
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In  ai^  modulation  system  whatsoever,  the  variation  of  reso- 
nance oaergy  will  of  necessity  influence  the  operationof  the  modu- 
lating device,  since  it  requires  greater  amount  of  radio  power  to 
be  generated  when  the  antenna  current  is  a  given  amount  and 
iocreasii^  than  when  it  is  the  same  amount  and  decreadng.  In 
the  dicuits  using  plate  modulation,  it  is  apparent  that  the  radio 
generating  dicuit  will  react  on  the  modulator  tube  by  drawing 
more  audio  output  current  when  the  audio  output  voltage  is  a 
given  value  and  increasiog  than  when  it  is  the  same  value  but 
decreasing.  Assuming  that  the  effects  of  imperfections  of  the 
choke  coil  and  of  audio  impedance  of  parts  of  the  generating 
circuit  are  negligible,  the  line  of  operation  on  the  plate  voltage 
plate  current  diagram  for  the  modulator  tube  will  in  consequence 
be  distorted  into  a  loop  with  rotation  in  a  sense  correspont^g  to 
a  condensive  load. 

By  way  of  summary  of  the  effects  tending  to  produce  reactive 
components  in  the  load  on  the  modulator  tube,  in  Fig.  1 2  are  shown 
four  impedances  Z, ,  Z^,  Z,, 
and  Zt  in  parallel  which 
symbolize  the  load  for  a 
telephone  set  analyzed 
as  in  Fig.  i.  The  first 
impedance  Z,,  consisting 
of  the  chain  Lb',  Rb',  and 
Cb',  represents  the  effiects 
of  imperfections  of  the 
chc^  coil  Lb.  The  second  impedance  Z,  represents  the  effect 
due  to  audio  impedance  of  parts  of  the  generating  system,  and  is 
of  very  simple  nature  for  this  type  of  circuit.  For  other  types 
as,  for  example,  that  shown  in  Fig.  6,  the  representation  is  more 
complex,  and  the  succeeding  impedances  Z,  and  Z^  would  not  be 
in  parallel  with  Z,  and  Z,,  but  be  incorporated  as  a  portion  of  Z,. 
The  third  impedance  Z,  represents  the  equivalent  condensive 
load  due  to  the  resonance  energy  in  the  radiator  circuit.  The 
fourth  impedance  Z^  is  a  resistance  R^,'  in  which  most  of  the 
audio  output  power  of  the  modulator  tube  is  usually  consumed. 
Due  to  the  phenomena  of  resonance  energy,  the  numerical  value 
which  may  best  represent  Rh  is  not  necessarily  the  same  as  the 
value  J?b  of  Fig.  3.  Of  these  four  impedances,  the  last  two  are 
possibly  of  the  most  symbolic  nature,  since  their  values  depend 
not  upon  the  simple  electrical  elements  of  inductance,  capacity, 
aoid  chBuc  resistance,  but  rather  upon  the  characteristics  of  the 
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generating  tubes,  values  of  plate  and  grid  couplings  and  grid 
biasing  voltage,  and  resonance  impedance  and  deoement  of  the 
radiator  circuit. 

With  a  plate  modulation  set  used  for  telegraphing,  with  grid 
voltage  for  the  modulator  tube  suppUed  at  a  definite  frequency 
either  by  buzzo:  or  by  use  of  an  audio  resonance  circuit,  it  may 
be  possible  to  balance  out  one  of  these  impedances  against  another 
in  such  a  manner  as  to  produce  a  resistance  load  upon  the  modula* 
tor  for  the  fundamental  frequency.  But  for  telephoning,  the 
audio  fundamentals  are  constantly  changing  in  frequency  and  in 
amplitude,  so  that  any  audio  frequency  resonance  due  to  balandi^ 
reactances  to  produce  resistance  load  is  undesirable  because  of 
the  distortions  which  would  occur.  For  good  operation  and 
articulation  it  is  essential  that  the  load  impedance  Z^  be  the  most 
important  throughout  the  speech  range  of  frequencies. 

DL  THE  STRENGTH  OF  SIGNAL  TRANSMITTED  BT  A  RADIO 
TELEPHONE  SET 

In  a  continuous  wave  transmitter  the  reading  of  an  instrument 
reading  effective  current  in  the  antenna  circuit  is  quaHtativdy 
an  indication  of  the  strength  of  signal  which  is  being  transmitted. 
In  transmission  of  signals  by  modulation  methods  maximum 
reading  of  antenna  current  does  not  indicate  maximum  received 
signal.  If,  for  example,  the  wave  form  of  antenna  current  is  one 
with  perfect  sine  wave  modulation,  as  given  by  equation  14,  and 
the  detection  at  the  receiving  station  is  according  to  the  square 
law  of  reception,  then  ne^ecting  variations  of  audio  impedance  of 
parts  of  the  receiving  circuit  with  frequency  the  received  funda- 
mental audio  current  is  proportional  to  the  product  hj*.  The 
reading  of  the  antfrntia  ammeter,  on.  the  other  hand,  for  this  irave 

form  is  /*/ 1  +  -r-  ■    These  functions  are  obviously  not  proportional. 

In  radio  telephone  transmission,  however,  the  electrical  condi- 
tions are  such  that  sine  wave  modulation  rarely  occurs.  An 
important  factco'  ccmtributing  to  this  is  the  curvature  of  the 
characteristics  tA  the  generating  unit  as,  for  example,  in  Fig.  2. 
While  there  is  no  thecffetical  limitation  upon  the  voltage  which 
may  be  impressed  upon  a  generating  circuit,  the  ciurent  which 
can  be  taken  by  the  circuit  will  in  no  case  exceed  the  total  filament 
emission  of  the  generating  tubes.  Under  conditions  of  efficient 
operation,  the  direct  current  to  a  tube  is  usually  of  the  order  of 
not  greater  than  a  third  or  half  of  the  total  eniissifm.     As  a  result, 


Digitized  byGoOgIc 


MothUaior  Tube  in  Radio  TeUpkone  Sets  403 

if  tbe  operatfaig  plate  voltage  is  izicreased,  the  cutrent  to  the 
cticuit  can  not  increase  indefinitely  but  will  approach  a  constant 
value.  At  the  same  time,  since  the  input  power  is  no  longer 
proportianal  to  the  square  of  the  input  voltage,  the  output  current 
increases  less  rapidly  than  the  input  voltage,  and  Unear  relations 
no  lot^er  exist.  The  result  is  that  during  speech  if  a  sine  voltage 
wave  is  impressed  upon  the  generating  circuit  by  the  modulator 
tube,  the  maximum  increase  of  antenna  current  is  less  than  the 
maxiimim  decrease.  In  other  words,  the  upward  variation  is  less 
than  the  downward  variation  of  antenna  current. 

This  type  of  distortion  at  the  transmitter  is  not  necessarify 
detiimental  to  good  speech  transmission.  In  fact,  with  a  sine 
wave  modulation,  the  received  audio  current  is  not  a  sine  wave, 

but  contains  a  double  frequency  term,  which  is  —  times  the 

fundamental.  It  may  be  readily  shown  that  the  proper  wave 
form  to  impress  upon  a  detector  with  square  law  of  reception  in 
order  to  obtain  a  pure  audio  signal  is 

e  —  E-^i+k  sin  ^/sinwl 
in  which  Jb  is  a  constant,  less  than  unity. 

Assuming  there  is  no  difference  in  the  wave  form  of  voltage 
impressed  upon  the  detector  and  the  wave  form  of  current  in  the 
transmitting  antenna,  then  to  transmit  a  pure  sine  wave  audio 
signal  the  transmitter  antenna  current  should  be  of  the  form 

i^—It^f3-^i+k^fi  ^tat,k<t  (18) 

The  iTOve  form  of  equation  18  is  one  which  appranmates  that 
j»oduced  by  transmitters  in  case  tbe  output  current  is  limited  by 
the  amount  of  input  current  which  is  possible.  If,  for  example, 
in  this  expression  k  is  unity,  the  peak  r.  m.  s.  value  of  antenna 
current  is  -/i  or  1.4  times  the  unmodulated  r.  m.  s.  value,  while 
the  minimiiwi  value  is  zero.  In  other  words,  this  wave  form  is 
one  corresponding  to  less  upward  modulation  than  downward 
modulation.  Since  this  wave  form  is  the  proper  one  for  transmit- 
ting a  pure  note  and,  moreover,  is  one  which  is  often  approached 
in  practice,  it  possesses  advantages  over  a  sine  wave  modulated 
form  as  a  basis  of  rating  of  telephone  sets. 

For  the  wave  form  of  equation  iS  the  r.  m.  s.  antenna  current 
averaged  over  an  audio  cycle  is  independent  of  the  modulation 
parameter  k,  and  if  this  wave  form  is  being  produced,  the  reading 
c^  the  antenna  ammeter  will  neither  rise  nor  fall  dtuing  speech. 
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This  is  in  cootrast  with  the  case  of  sine  wave  modulation  (equa- 
tion 14)  in  which  the  reading  increases  in  the  ratio* /i +—  during 

V  2 
speech.  The  upward  variation  of  antenna  power  is  equal  to  tlie 
downward  variation  of  power,  being  kRli,*-  Moieover,  the 
received  signal  is  also  pm^Kntional  to  the  variation  of  power  fnnn 
mean.  In  consequence  the  received  signal  is  proportional  to  the 
difference  between  the  peak  antenna  power  and  the  TniniTniim 
antenna  power.  The  rating  of  a  telephone  set  m^ht  well  be 
specified  simply  by  this  variation  of  antenna  power  with  specified 
speech  c(»iditions  at  the  transmitter  microphone. 

These  considerations  of  signal  strength  have  an  important  bear- 
ing upon  the  choice  of  the  ratio  of  the  number  of  modulating  tubes 
to  the  number  of  oscillator  tubes  in  a  transmitter  set.  The  aver- 
age antenna  power  which  can  be  obtained  is  determined  almost 
entirely  by  the  number  of  oscillator  tubes  used  and  is  qinte  inde- 
pendent of  the  number  of  modulators.  On  the  other  hand,  the 
variation  of  anteima  power  is  not  determined  to  the  same  degree 
by  the  number  of  modulator  tubes,  because  the  number  of  oscil- 
lator tubes  determines  the  nature  of  the  load  upon  the  modulator 
tubes.  For  example,  compare  the  relative  merits  of  a  telephone 
set  with  three  oscillators  and  two  modulators  with  one  u^g  four 
osdllators  and  one  modulator,  using  identical  tubes  and  assuming 
that  the  sufficient  grid  power  for  the  modulator  tubes  will  be 
supplied  in  either  case.  The  latter  combination  is  possibly  capable 
of  producing  1 5  per  cent  greater  antenna  current  than  the  former. 
The  former,  however,  may  be  expected  to  produce  more  than 
twice  as  much  audio  current  in  the  receiving  telephones  as  the 
latter,  first,  because  there  are  twice  as  many  units  for  varying  the 
antenna  power,  and  second,  because  two  modulating  tubes  may  be 
expected  to  operate  much  more  efficiently  into  the  generating 
circuit  of  three  tubes  than  one  modulating  tube  can  work  into  a 
generating  circuit  of  four  tubes. 

The  signal,  however,  can  not  be  indefinitely  improved  by 
increase  of  ratio  of  modulator  tubes  to  oscillator  tubes,  not  only 
on  accoimt  of  the  poor  audio  efficiency  of  the  modulator  under 
such  conditions,  but  also  because  of  the  speech  distortions  which 
will  occur  due  to  any  overmodulation.  For  these  reasons,  in 
constructing  transmitters  with  tubes  operating  in  parallel  the 
number  of  modulator  tubes  usually  about  equals  the  number  oi 
oscillator  tubes  for  best  operation. 
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X.  SUMMARY 

1.  Three  methods  of  modulating  the  output  current  of  an 
^ectron-tube  generating  circuit  are  commonly  used — ^modulation 
by  radio  absorption,  by  variation  of  the  operating  grid  voltage, 
and  by  variation  of  the  operating  plate  voltage.  Of  these,  the 
method  of  plate  voltage  modulation  is  the  most  satisfactory. 

2.  A  telephone  transmitter  network  may  be  conveniently  ana- 
lyzed into  four  units — the  plate  power  supply,  the  modulator  unit, 
tiie  generating  unit,  and  the  radiator  unit. 

3.  The  essential  operation  of  the  modulator  tube  in  the  modu- 
lator unit  is  as  an  aperiodic  power  amplifier,  the  essential  load  into 
which  the  tube  operates  is  a  renstance  as  given  by  the  external 
characteristics  of  the  generating  unit. 

4.  The  actual  load  impedance  of  a  tube  acting  as  an  amplifier, 
modulator,  or  generator  is  defined  in  terms  of  harmonic  analysis 
of  the  wave  forms  of  plate  voltage  and  plate  current.  For  modu- 
lator tubes  the  actual  load  impedance  is  not  given  exactly  by  the 
characteristics  of  the  generating  unit,  on  accoimt  of  imperfections 
of  the  audio-choke  coil,  audio  impedance  of  parts  of  the  generating 
circuit,  and  the  presence  of  electromagnetic  energy  in  the  radia* 
tor  unit. 

5.  Imperfections  of  the  audio^hoke  coil  due  to  its  reactance 
being  finite  tends  to  produce  an  inductive  component  to  the  load 
on  a  modulator  tube;  This  effect  can  be  made  small  as  desired, 
and  is  not  an  essential  limitation  in  radio  telephony. 

6.  Audio  impedance  of  component  parts  of  the  generating 
circuit  may  tend  to  produce  an  inductive  load,  resistance  load,  or 
capacity  load,  depending  upon  the  nature  of  the  generating  cir- 
cuit. The  choice  of  suitable  constants  of  condensers  and  induct- 
ances to  function  properly  for  radio  purposes  and  not  seriously 
affect  the  operation  of  the  modulator  tube  becomes  difficult  only 
with  a  high  ratio  of  modulating  frequency  to  modulated  fre- 
quency. 

7.  The  presence  of  electromagnetic  energy  in  the  radiator  unit 
requires  that  more  power  be  delivered  to  liie  radiator  when  the 
antenna  current  is  a  given  value  and  increasing  than  when  it  is 
the  same  value  and  decreasing.  The  tendency  is  to  impose  a 
capacitive  component  to  the  load  upon  the  modulator  tube. 
This  effect  is  of  more  importance  the  greater  the  ratio  of  modu- 
lating to  modulated  frequency,  and  the  less  the  decrement  of  the 
radiator  circuit. 
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8.  The  strength  of  speech  signal  produced  by  a  telephone 
transmitter  set  is  not  indicated  by  the  reading  of  an  ammeter  in 
the  radiator  unit.  The  signal  strength  under  conditions  of  no 
distortion  with  a  receiving  set  with  square  law  of  reception  is 
proportional  to  the  difference  between  the  peak  radio  power  and 
the  wijnitniitn  radio  power  in  the  transmitter  radiator  miit.  This 
power  difference  under  specified  speech  conditions  at  the  mouth- 
piece of  the  transmitter  microphone  is  suggested  as  a  suitable 
basis  of  rating  radio  telephone  sets  as  to  power  ou^ut. 

Washinoton,  February  23, 1921. 
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MATHEMATICAL  T>1E0RY  OF   INDUCED  VOLTAGE 
IN  THE  HIGH-TENSION  MAGNETO 

By  Franci*  B.  ^libee 


"nmt  diflcrent  circuits,  repreaentlng  In  ninplified  (ana  tlie  emaitial  featuna  of  the 
h^h-teadon  magoeto,  are  dcreloped  and  equatlona  for  the  dectrical  petfbnnance  of 
each  are  given.  It  u  ihown  that  by  the  uuutkm  of  pfopef  etectricil  conitants  in 
these  equations  the  resulting  performance  vrill  be  substantially  the  saine  as  that  of  ma 
actual  magneto.  Methods  are  suggested  for  the  e^cperimental  determination  cd  theM 
'  mwitkHts,  «ua  flie  agrcetaent  between  this  theory  and  observed  lesnlts  is  riiown  in 
certain  cases. 
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A,  B,  A„  A|— coojtants  oi  integration. 

B,  and  fi_    —magnetic  flux  denaitics. 


—dcctnwtatV:  capacity. 


-V^ 


=enif  of  rotation  or  erf  battery, 
—base  of  Napierian  logsrltliins*- 1.718 
— frcqucnciea. 
^length  tA  air  gi^. 
>-loqCtb  of  Irai  circuit. 
•Kcuimt  at  break. 


— inttatitauttfww  currcntvln  winding,  ^iwifitij  rpriit^rtj  "and  oaodfvni' 

—fractional  distance  from  terminal  to  effective  center  of  C||. 
— coeflicient  at  coupling' 


■VS 


k,  ■^coefficient  of  eoaplit^  of  eddy  cuirmt  circuit. 

'^  t<  '^  I  ^mutual  inductance  of  d(mM»«oil  model. 

L,  L,,  Lf  — Mlf-indnctance. 

^  ^■thiclcness  of  Iami[iation. 

M  —mutual  inductance. 

TC  —dependent  variable  in  auxiliary  equations. 

M,,  m,  —toots  of  auxiliary  equatiooA. 

p  •'■ratio  of  redaction  from  seconduy  to  primary. 


R.  R,.  S 


— ^untinjc  resistance.   ■ 

^complex  ratio  of  flux  dciuitSea  fal  akin  efCect. 


■■time  constant 


©• 


—instantaneous  voltt^  of  condenser  terminals.  ' 

— brcalcdown  vtdtage  of  spark  gap. 

-maximum  voltage.. 

—parts  <A  conqdete  aotutioa  at  diBsreatinl  aquatioaa. 


I  —impedance. 

Zi,  Z»,  Zj  —impulsive  impedances- -j*- 

a,  a,.  Of  •-real  part  of  roots  of  auxiliary  equatims. 

fi'  |9ij  $1  — imaginajy  port  of  nuts  of  auxiliary 

t  -small  difT^ence  in  roots. 

9  —constant  of  integration  (angle). 

H  —permeability. 

p  — redstivity. 

#  —phase  angle  of  impulse. 

«  —airXfrequency. 
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L  nrntoDDcnoH 

1.  GBIIBRAI. 

One  of  the  prohkms  which  has  receiTcd  attentioii  from  the 
National  Advisoiy  Committee  for  Aeronautics  is  that  of  the  high- 
tension  magneto,  and  a  detailed  study  of  this  device  has  been 
earned  on  at  the  Bureau  of  Standards  under  its  auspices.  While 
in  the  past  the  magneto  has  been  developed  along  empjiical  tines, 
there  has  recently  appeared  a  tendency  to  place  the  design  of 
this  type  of  apparatus  upcm  a  more  definite  scientific  basis,  soul 
as  a  foundation  for  such  a  ntticaial  des^  at  least  an  amxrcndniate 
theory  of  tfae,intemal  i^enomena  which  take  place  within  it  must 
be  available.  It  is-  the  pnrpcwe  of  the  present  paper  to  develop 
from  several  points  of  view  such  an  approximate  theory  fu'  one 
particular  period  in  the  cycle  of  operation  and  to  correlate  certain 
of  the  theoretical  cooQlusians  with  a  few  experim^tal  results. 

The  magneto  is  an  exceedingly  compile  electrical  system  which 
serves  to  transform  energy  frcnn  mechanical  through  msgnetip 
and  electrical  forms  i^to  heat  energy  in  a  hi{^-voltage  spvk-  It. 
is  probably  itqpos^ble.  to  give  a  complete,  mathematical  treat- 
ment which  will  permit  of  exa^t  conqiutatioii  of  all  the  phenoinciia 
which  occur  in  sudi  a  device.  Equations  can,  however,,  be  devel- 
oped for  A^rious  cpmfainatiqns  of  circuits  which  approximate  inc»e. 
w  less  closely  to  the  actual  magneto,  and  these  abstract  theoretical 
circuits  will  be  referred  to  in  the  following  pages  as  "models"  of 
the  rtutgneto.  Such  models  are  useful  for  two  distinct  purposes: 
(i)  The  change  in  the.perfomumce  of  the  model  under  various 
conditions  gives  a  quaUtative  indication  of  the  correspondiog 
behavior  of  the  actual  tnagneto  under  similar  conditions;  (2)  a 
quantitative  expression  for  any  specific  property  of  the  magneto, 
sudi,  for  example,  as  the  effect  of  eddy  currents  or  the  magnitude 
of  the  secondary  capacity,  nuty  be  expressed  by  the  numerical 
value  of  the  onresponding  tpumtity  in  the  model,  and  changes 
made  upon  such  properties  as  a  remit  of  changes  in  the  design 
can  thus  be  numerically  expressed  and  compared. 

2.  CTCLS  or  OFSRATIOn 

The  comi^ete  operatiim  <rf  the  magneto  which  leads  to  the  pro- 
duction of  a  single  qiai^  consists  of  a  rather  complex  cjrde  of 
operatkniB,  which  may  be  divided  into  six  distinct  periods,  as 
follows: 
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1.  The  rotation  of  the  armature,  while  short  circuited  in  the 
magnetic  field  of  the  permanent  ;DUij;net5,  generates  in  the  primaty 
winding  a  certain  current  (2  to  4  amperes)  and  stores  in  the 
magnetic  field  thus  produced  a  certain  amousrt  of  energy'  (/^Ji-O; 
At  the  instant  at  which  a  spark  is  desired  the  primary  contacts 
are  separated  by  a  cam  which  wholly  changes  the  electrical 
characteristics  of  the  circuit. 

2.  The  ra^ud  decrease  in  primary  current  which  results  from 
the  separation  of  the  contacts  generates  a  high  and  increasing 
voha^  in  both  primary  and  secondary  windings.  This  process, 
which  may  be  called  period  2,  continrjes  for  only  a  few  ten-thou- 
sandths of  a  second  tmtil  the  voltage  across  the  secondary  termi- 
nals has  risen  to  a'  sufficiency  hi^  value  to  break  down  the  gas 
between  the  electrodes  of  the  spait  plug. 

3.  This  breakdown  of  the  gas  in  the  spark  gap  is  accompanied, 
first,  by  the  very  ra^nd  discharge  of  the  condenser  formed  by  the 
leads  from  the  toagneto  to  the  spark  phlg.  This  probably  takes 
place  in  an  oscillatory  mamier,  with  a  {requency  of  several  milfion 
cjrdes  per  second^    Thisdischargemay  be  called  period  3. 

4.  AJFter  the  rapid  condenser  discharge  is  coiiipleted  there  is  a 
further  interval,  denoted  by  period  4,  dmteg  wMch  the  remaining 
mdgaettc  energy  stored  in  the  coil  is  dissipated  in  tiie  spark  gap 
by  the  arc  viiuch  continues  to  exist  across  tiie  gap.  At  high  sp^ds 
the  cam  may  allow  the  primary  contacts  to  dose  before  all  of  the 
energy  has  been  thus  dissipated. 

5.  In  this  case  there  must  be  recognized  a  short  period  5,  during 
which  the  slight  Charge  remaining  in  tlie  primary  condenser  is 
dissipated  throu^  the  primary  contacts,  the  spark  is  extinguished, 
and  the  residual  energy  transferred  bade  to  the  primary  winding. 

6.  Ilie  circutt  thietl  retnains  substantially'  dead  during  period  6 
until  the  armature  Js  rotated  past  the  portion  of  mftTitniim  -flux 
and  period  i  of  the  succeeding  cycle  be^ns. 

It  isi  the  purpose  of  the  present  paper  to  dificuss  only  the  phe- 
nomena occurring  during  the  very  short  period  2  between  the 
separation  of  the  primary  contact  points  and  the  initiation  of  the 
spark  at  the  secondary  terminals.  It  is  the  phenomenon  which 
occurs  during  this  period  which  determines  whether  or  not  a 
voltage  sufBdrat  to  tweak  down  the  spark  gap  is  attained,  and 
consequently  fdiether  tt-  not  a  spaA  is  produced.  The  funotiett 
M  the  magneto  durbig  this  pmod  is,  ai  covm^t,  the  same  as  that  of 
an  induction  coil,  and  many  of  the  equatitms  discussed  in  the- 
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isesent  p^ier  are  directly  appUcol:^  to  such  coUs.  The  principal 
difference  between  the  two  t3rpes  t£  device  bes  in  theckoer  mag- 
netic coupling  between  primaty  and  secandaiy  windings,  the 
presence  ol  gtcater  amomitt  of  unlamiaated  iron,  and  Hie  rather 
hi^er  frequencies  of  the  ogdllflticDS  involved  in  ttic  case  of  the 
nH^ueto. 

JLBmDiWAL 

The  induction  coil,  having  been  widely  used  tn  electrical  labora- 
tories for  many  years,  is  the  subject  of  a  very  extensive  Uteratnre. 
Probably  the  first  mathematical  treatment  of  this  device  was  due 
to  Colley,*  ■vrtio  assuliied  that  the  reactjoii  bl  the  secondary  currents 
upon  the  primary  was  negligible,  and  on  this  basis  worioed  out 
the  primary  and  secondary  currents  and  voltages  for  several  cases. 

A  book  by  Armagnat*  gives  a  very  excellent  discussion  of  the 
performance  of  induction  cofls'  and  contains  a  bibliograi^y  of 
bther  work  up  to  1908.  Since  that  time  Taylor-Jones*  has 
developed  mudi  more  rigorously  the  mathematics  of  the  induction 
coil,  using  what  Is  Teferred  to  in  this  paper  as  the  "douMe-coil 
model."  He  finds  a  very  satisfactory"  agreement  between  the 
results  of  computations  based  upon  tiiis  model  and  experimental 
results  wliich  he  has  obtained  by  the  use  of  an  electrostatic 
osdUograph. 

Relatively  little  theoretical  work  had  been  done  upon  the  high- 
tension  magneto  imtil  the  outbreak  of  <the  World  -War  of  1914- 
1918  found  the  allied  nations  cut  ofiF  from  their  jmncipal  sdpply 
of  magnetos.  The  very  excellent  papers  by  Armagnat,*  Youi^,» 
and  Biffi*  appeared  in  rapid  successicu,  dealing  with  tlM  general 
cycle  of  operations.  The  last  of  the  three  gives  in  considerable  - 
detail  the  mathematics  of  the  double-coil  modd  for  aia  assumed' 
case.  Taylor- Jones'  appUed  his  induction  c(^  equations  to  ^ift 
magneto  and  by  using  in  them  constants  -obtained  from  the  ob-' 
served  oscillations  computed  values  of  peak  voltage  agreeing 
within  about  25  pef  cent  with  those  directly  observed.  Camp- 
bell' at  the  National  Physical  Laboratory  attempted  to  apply 
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Taylor- Jones's  equations  to  the  magneto  butfouod  veiy  consider- 
Bblt  discicpandes  which  he  attributed  to  the  effect  t^  eddy  cur- 
rents in  the  iron  core.  In  connection  with  this  work,  however, 
he  obtained,  by  means  of  a  very  elaborate  potnt-by-poitit  method, 
some  actual  plots  of  the  wave  form  of  the  volt^e  induced  in  the 
magneto  by  the  intemiptioa  of  the  jnimaiy  current.  These  most 
remarkable  experimental  results  an  shown  in  Fig.  9,  and  will  be 
referred  to  again  later  in  this  paper. 

Bairsto*  has  treated  at  some  length  the  case  where  the  magneto 
secondary  is  shimted  with  a  resistance.  In  this  he  uses  a  modi- 
fication of  the  double-ooil  model  which  is,  in  effect,  equivalent 
to  the  closed-coil  model  discussed  in  the  paper,  thou^  developed 
from  a  different  point  of  view. 

The  complexities  in  the  electric  circuits  of  the  magneto  which 
have  led  to  the  difficulties  met  by  previous  writers  in  expressing 
the  phenomena  in  mathematical  terms  may  be  enumerated  as 
f<dlows: 

I.  The  electrostatic  capacity  which  exists  in  the  secondary 
winding,  both  from  one  to  another  of  the  various  layers  of  the 
winding,  from  the  outer  Isjrer  and  leads  to  the  frame  of  the  ma- 
chine, and  to  some  extent  from,  the  edges  of  the  intermediate 
layers  to  the  frame,  very  materially  affect  the  perf(»inanoe  of 
the  devioe.  The  last-mentictned  component  of  the  capacity  causes 
the  cuirent  at  diffcvent  parts  of  the  secondary  winding  to  be 
different  in  magnitude. 

3.  The  varying  magnetic  permeability  of  the  iron  core  at  dif- 
ferent flux  densities  has  so  far  resisted  all  attempts  at  mathe- 
matical treatment,  and  the  only  practical  way  of  handling  the 
matter  is  to  aasimie  a  certain  average  permeability  or  average 
inductance  which  corresponds  to  the  particular  range  of  mag- 
netizing force  to  which  the  iron  is  subjected.  Since  there  is  always 
an  air  gap  of  considerable  reluctance  in  the  iron  circuit,  the  iitm 
never  approaches  the  condition  of  saturation,  and  consequently 
the  changes  in  penneability  are  not  as  great  as  would  appear  at 
first  sij^t. 

3.  The  changing  reluctance  of  the  magnetic  circuit  with  chang- 
ing position  of  the  armature  varies  the  effective  inductance  of  the 
winding.  This  effect,  however,  is  of  little  importance  in  a  study 
of  period  z,  since  the  total  motion  of  the  armature  in  the  very 

•  O.  B.  Bdnto,  JOomal  (Brit.)  L  &  B.,  H.  [>.  m.  Jont.  igio. 
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short  interval  comprisiDg  the  period  a  so  aligjit  that  the  induc- 
tance can  be  considered  a  constant. 

4.  The  rotation  of  both  the  primary  and  secondary  winding  in 
the  BU^netic  ftekl  generates  a  certain  emf  not  present  in  the 
inducticHi  coil  and  distinct  from  that  produced  by  the  intetrup- 
tion  of  the  immary  circuit,  and  this  generated  voltage  also  changes 
rather  rapidly  with  the  angular  position  of  the  armature.  For  a 
discussion  of  period  2,  however,  this  voltage  may  be  conudered 
constant  and  usually  of  negligible  m^nitude. 

5.  The  magnetic  leakage  between  the  primary  and  secondary 
windings  introduces  a  very  considerable  complication  into  the 
circuit  and  is  the  principal  reason  for  the  use  of  the  double-coil 
model.  If  this  magnetic  lealcage  could  be  neglected,  then  the 
simple  models  discussed  later  in  the  paper  woidd  be  strictly 
applicable. 

6.  The  eddy  currents  set  up  in  the  iron  core  by  the  rapidly 
changing  fiux  exert  a  considerable  influence  upon  the  electric 
phenomena,  and  the  double-coil  model  discussed  by  previons 
writers  ccmtains  no  explicit  provision  for  taking  account  of  such 
effects.  These  eddy  current  effects  are  the  mcnc  complex  inas- 
much as  the  frequencies  of  the  oscillations  involved  are  so  high 
that  the  distribution  of  the  eddy  currents  is  subject  to  a  sl^ 
efiiect  analogous  to  that  occurring  in  conductors  carrying  high- 
frequency  currents,  and  the  eddy  currents  can  not  be  completely 
represented  by  any  single  tertiary  circuit  having  fixed  resistance 
and  inductance. 

7.  Further  complications  are  introduced  in  cases  where  it  is 
desired  to  treat  the  effect  of  resistance  in  parallel  with  the  sec- 
ondary taminals,  such  a$  exists  when  the  spark  plug  is  fouled 
with  carbon  deposits. 

In  the  present  paper  it  is  proposed  to  (t)  review,  for  the  sake 
of  completeness,  the  double-coU  model  which  has  been  treated  by 
various  writers  and  tp  point  out  in  some  detail  the  various  trans- 
formations of  energy  which  occur  in  it  during  period  2;  (2)  to 
develop  a  new  type  of  model  involving  only  a  single  coil  and 
condenser.  This  model,  of  course,  can  not  fit  the  performance  of 
the  actual  magneto  as  closely  as  does  the  double-coil  model,  but 
its  simplicity  makes  it  of  much  greater  usefulness  and  leads  to  a 
more  easy  visualization  of  the  phenomena  occurring  throughout 
the  complete  cycle  of  operation;  (3)  still  a  third  model,  which 
may  be  called  the  closed-coil  model,  will  be  treated,  which  indi- 
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cates  the  effects  to  be  expected  from  the  eddy  currents  in  the  iron 
and  which  has  been  experimentally  fomid  to  give  a  good  approxi- 
maticoi  to  the  performance  of  the  actual  magneto.  A  variety  of 
methods  for  determining  the  various  constants  which  should  be 
inserted  in  these  three  types  of  models  will  then  be  discussed  in 
some  detail,  and  some  experiments  indicating  the  extent  to  which 
these  models  represent  the  performance  of  the  complete  machine 
will  be  described. 


TtO.  I. — CiTcnitiqfieubl»<mliiu>dtlatundiniiiAteliene«iltaiidinhgO'tparkmagn*lot 

n.  DOUBLE-COn,  MODEL 
1.  BQUATIOHS 

The  first  and  most  complete  type  of  model  is  that  treated  by 
previous  writers  on  the  subject  and  will  be  referred  to  as  the 
double-coil  model.  The  electric  circuits  may  be  represented  in 
either  of  the  two  forms  shown  in  Figs,  i  and  2.  Of  these,  Fig.  i 
corresponds  to  the  type  of  circuits  used  in  several  battery  ignition 
coils  and  also  in  so-called  two-spart  magnetos;  i.  e.,  magnetos 
intended  for  firing  two  spark  plugs  in  the  same  cylinder.  The 
second  type  of  connection,  Fig.  2,  is  used  in  certain  battery  systems 
and  is  widely  used  in  magneto  construction.     While  the  equations 
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whkh  result  from  these  two  types  of  model  differ  sH^tly  in  detail, 
the  general  physical  phenomena  which  take  place  are  0ie  same, 
and  most  of  the  following  discussioii  will  be  coa£ned  to  the  type 
at  connection  diown  in  Fig.  i . 

In  ettber  model  the  coils  are  identified  with  the  actual  physical 
windings  of  the  magneto,  and  consequently  may  be  considered 
as  having  the  values  of  self  and  mutual  inductance  possessed 
by  the  actual  windings.  The  values  of  these  quantities  will,  of 
course,  depend  upon  the  angular  position  of  the  armature  within 
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the  pole  pieces  and  upoD  the  range  of  magnetizing  force  through 
which  the  iron  is  operated.  It  is  usual  to  assign  to  the  resistances 
Ri  and  iJ,  the  actual  resistance  of  the  copper  winding  as  obtained 
from  direct-current  measurements.  It  is  possible  to  assign  other 
and  increased  values  of  resistance  for  the  purpose  of  representing 
to  some  degree  of  approximation  the  v^y  greatly  increased  energy 
losses  which  result  from  the  presence  of  eddy  currents  in  the  iron. 
C,  is  identified  with  the  capacity  of  the  primary  condenser, 
while  Ci  represents  the  effect  of  the  various  secondary  capacities 


Digitized  byGoOgle 


4i6  Scientific  Papers  of  the  Bureau  of  Standards  ivou  ir 

and  is  best  defined  as  that  capacity  which,  chai^;ed  to  the  actual 
terminal  voltage,  will  contain  the  same  amount  oi  energy  as  is 
actually  stored  in  electrostatic  form  in  the  dielectric  between  the 
layers  and  aroimd  the  terminals  of  the  actual  apparatus.  In  the 
case  of  a  magneto  by  far  the  greater  part  of  this  capacity  is  actually 
at  the  terminals  of  the  winding,  and  consequently  the  current 
has  substantially  the  same  value  throughout  the  length  of  the 
secondary  windhig.  In  the  case  of  an  induction  ctnl,  where  the 
terminal  capacities  are  relatively  smaller,  t^***  condition  is  not 
entirely  fulfilled,  and  the  current  is  greater  at  the  center  of  the 
winding  then  at  the  ends.  Undu*  these  conditions  the  mutual 
inductance  of  the  secondary  upon  the  primary  is  not  equal  to  the 
converse  effect  of  the  primary  on  the  secondary,  and  we  must 
therefore  distinguish  the  two  coefficients  of  mutual  induction  L,  i 
and  Li }.  This  distinction  can  be  maintaiaed  throughout  the 
mathematics  as  is  done  by  E.  Taylor- Jones,"  but  the  net  effect  is 
merely  to  reduce  the  coeflBcient  of  coupling  defined  by 


If  we  let  ii  and  i,  be  the  instantaneous  currents  in  the  primary 
and  secondary  circuits  of  Fig,  i,  and  v,'  and  v/  the  correspcMiding 
instantaneous  voltages  at  Uie  terminals  of  the  condensers,  and 
also  El  and  £,  be  the  emf's  induced  in  the  respective  windings 
by  the  rotation  of  the  armature,  we  have,  applying  Kirchhoff's 
laws  to  the  two  circuits: 


L,^  +  M^+R,i,+v,'^E,  (2) 


We  also  have  the  relations : 


u  B.  1^]4h-Jooci.  Phil.  Mac.  8«,  s 


(3) 
(4) 
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Combining  these  gives: 


(5) 


Z,C.^+MC,^+CA^'+..'-E.  (6) 

If  we  further  let  Wi— ■«/-£„  and  i^-i^'-E,  and  note  that  the 
rates  of  change  of  £,  and  £,  are  negligibly  small  compared  with 
the  exceedingly  rapid  rates  of  change  of  v,  and  v^,  we  obtain :        (7) 

L.C.^+MC.^+C,R.§+..  =  o  (8) 

z,c.'^"+mc,^+cjj4'+»..o  (9) 

These  two  simultaneous  differential  equations  may  be  combined 
to  eliminate  one  oi  the  variables  and  give  the  following  final 
equation : 

+  {i?.iV:A+i^C,+L^,)^  +  (i?,C,+i?,Q^+«,-o       (10) 

The  carrespondJDg  equation  for  the  type  of  circuit  ^own  in  Fig. 
3  is 

+  {R,RtC,Ct+L,C,+{U+sM  +L,)C,}^  (II) 

+  {R,C,  +  (R^+R;)C,}^+v,-o 

These  equations  will  be  immediately  recognized  as  the  usual  ones 
for  coupled  circuits  so  widely  used  in  radiotelegraphy,  and  their 
application  in  this  case  differs  from  the  more  usual  treatment  only 
in  the  different  initial  condition  which  must  be  satisfied.  These 
equations  have  been  treated  by  numerous  writers,  among  whom 
may  be  mentioned  Drude,"  Cohen,"  and  Pemot."  The  authtH'  last 
named  has  contributed  a  very  detailed  discussion  of  the  equations 
with  much  practical  advice  for  their  solution  in  numerical  cases. 
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The  general  solution**  for  equaticm  (lo)  is 

■rj  =  A,e"'  +i4^     +^t«     +Aje  (12) 

where  tn,,  m,,  mj,  m^  are  the  roots  of  the  biquadratic  equation: 

C,    Q  I 

Since  all  the  coefficients  in  this  equation  are  essentially  positive, 
it  may  be  shown  from  the  theory  of  equations  that  (except  for 
limiting  cases)  only  three  types  <«E  solution  arise:  (o)  All  the  roots 
are  real  and  negative;  {b)  two  roots  are  real  and  negative,  while 
the  other  two  are  complex  quantities ;  (c)  all  the  roots  are  complex 
and  foim  two  conjugate  pairs.  In  cases  (6)  and  (c)  the  real  part 
of  the  complex  roots  is  zero  or  negative.  Most  cases  of  actual 
magneto  circuits  come  under  case  (c),  and  for  this  case  the  results 
are  more  conveniently  expressed  in  the  form 

zr,=e-rf  (A,sinj9,(+B,cos^,0+e^  (A,sin^,i  +  B,cos j3,0  (14) 
where  A^,At,  By,  and  Bjare  constants  of  integration,  anda,  ±y^, 
and  a,  ±y  ^jare  the  roots  of  equation  (13).  The  equations  forv,, 
t„  and  «',  ore  in  the  same  form  but  with  different  integration 
constants. 

Equation  (14)  shows  that  v»  is  the  sum  of  two  oscillations  of 
frequency, 

"       2X  "       2T 

The  resulting  variation  of  voltage  and  current  with  time  is  shown 
in  Figs.  3,  5,  and  7,  and  Curve  I  of  Fig.  31  for  typical  cases.  If 
the  damping  is  negligible,  the  two  frequencies  are  given  by — 

2(Z„L,-AP)  C,C,  ^^^' 

It  may  be  seen  on  expanding  the  numerator  by  the  binominal 
theorem  that  as  the  closeness  of  coupling  is  increased,  /„  corre- 
sponding to  the  negative  root,  remains  approximately  constant, 
while  the  other  frequency,  /„  becomes  larger  and  larger,  varying 

roughly  in  proportion  to  j-y— -m*  and  the  corresponding  term 

"So  Mumr.  DUlMBtklBiiaatloai,'  p.«4,  ad  id. 
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in  equation  (14)  decreases  in  amplitude  rou^y  in  proportion  to 
the  increase  in  frequency.  Figs.  4,  6,  and  8  show  for  three  typical 
sets  of  values  the  corresponding  pulsaticms  in  the  energy  stored 
in  various  forms  in  the  several  parts  of  the  circuit. 

2.  NUHBRICAL  EXAKPIES 
Case  I  corresponds  to  an  induction  coil  or  a  very  loosely  ompled 
magneto  in  which  the  quantity  k^  has  the  value  0.60.     The 
resultant  curves  of  current  and  voltage  show  veiy  markedly  the 
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two  oscillations  which  are  present  in  such  cases.  It  may  be  noted 
that  the  time  i—iix  lo"*  seconds,  at  which  the  secondary  voltage 
Vj  is  a  maximum,  corresponds  to  a  time  when  the  primary  voltage 
V^  is  a  miniTnym,  and  Fig.  4  shows  that  the  magnetic  energy — 
i.  e.,  the  difierence  between  total  energy  and  total  static  energy — 
is  very  small  at  this  instant.  Consequently,  conditions  are  very 
favorable  for  the  production  of  a  high  secondary  voltage,  and  a 
relatively  large  part  of  the  total  enei^  supplied  is  available  for 
charging  the  secondary  condenser  and  producing  across  its  ter- 
minals a  high  voltage. 
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In  contrast  to  this  we  may  consider  Case  II,  which  corresponds 
to  the  same  circuits  except  that  the  mutaal  inductance  between 
them  has  been  increased  so  as  to  make  the  quantity  k*  equal  0.80. 
Even  such  an  arrai^^ement  is  still  decidedly  more  loosely  conided 
than  are  the  circuits  in  the  average  magneto.  As  shown  in  Fig.  5, 
the  change  in  coupling  has  somewhat  shifted  the  relative  phase  of 
the  two  oscillations,  so  that  the  maximum  of  the  secondary  volt- 
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age  no  longer  corresponds  to  a  minimum  of  the  primary  voltage, 
and  therefore  at  the  time  when  the  secondary  voltage  is  a  maximum 
(<  — 8XJO"*  seconds)  there  is  a  very  considerable  quantity  of 
energy  stored  in  the  magnetic  circuit  and  later  in  the  cycle 
(/- II  Xio*«  seconds)  when  this  energy  has  been  transferred  to  the 
primary  condenser,  some  of  the  secondary  energy  has  also  returned 
to  the  primary,  and  ctmsequeutly  there  is  less  available  for  charg- 
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ing  the  aecondary  Qonde^se^. .  It  is  tbis  tsrpe  of  variation  in  the 
relative  time  at  which  the  component  oscillations  have  their 
ttinTJ¥nmTi  value  which  gives  rise  to  the  curious  changes  in  Tpg-rfTni^TTf 
voltage  shown  by  the  curves  obtained  by  Taylor- Jones.  The 
curves  of  Figs.  3  and  5  also  bring  out  the  fact  that  the  higher 
frequency  component  has  a  larger  relative  amplitude  in  the 
current  waves  than  in  the  voltage  waves.  In  both  of  these  models 
the  resistance  has  been  taken  to  correspond  with  the  actu^ 
resistance  of  the  copper  windings^,  and  consequently  the  ^ss 
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of  energy  as  shown  by  the  total  energy  curves, "Kgs.  4  and  6,'  is 
practically  negligible,  and  the  entire  energy  oscillates  between 
the  three  storage  regions;  i.  e.,the  «m1,  the  f^imary  condaiser; 
and  the  secondary  corideoaer.  ' 

Case  III  con«3pc»ids  io  the  sftntt  systetti  of  circuits  arranged 
with  stin  doger  coupiing,  so  that  V-0.92.  This  value  is  typica] 
of  maily  magnfttos.  Furthermote,  the  resistances  of  both  wind- 
ings have  been  arbitrarily  increased  to  50  times  the  value  of  the 
copper  resistance  in  order  to  represent  as  w«M  as  possibW  tiife  sffiect 
of  the  iron  losses.  It  will  be  seen  that  the  priiicipal  effect  of  the 
aiToi*— 22 — 3 
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increased  closeness  of  coupling  has  beoi  to  greatly  increase  the 
frequency  of  the  shorter  period  component  and  to  materially 
reduce  its  amplitude,  so  that  in  the  voltage  wave  it  is  hardly 
noticeable.  The  increase  in  resistance  causes  a  rapid  damping  of 
the  vibrations,  and  this  damping  is  much  greater  for  the  higher 
frequoicy  component,  so  that  by  the  time  f-ioxio"*  seconds, 
at  which  the  secondary  voltage  has  approached  its  maximum,  the 
father  frequency  component  is  practically  negligible.  The  cmves 
t)f  total  aiergy,  Fig.  8,  show  that  even  with  the  increased  damping 


Fni.  6.—Clianyit  af  merfy  wi A  (mm.    Douik-eoil  modil,  Cat*  II 


which  results  from  the  increased  resistance  the  energy  loss  is  stQl 
rather  small,  though  it  has  become  appreciable  at  (be  end  oi  a 
complete  cycle  of  the  main  wave.  It  is  also  to  be  noted  that  the 
primary  voltage  has  substantially  the  same  wave  shape  and  is 
substantially  in  phase  with  the  secondary  voltage,  and  that  the 
distribution  of  energy  between  the  two  at  their  maximum  depends 
upon  the  relative  capacities  and  turns  in  the  windings.  A  com-, 
parison.  between  Fig,  7  and  Tig.  9  shows  that  the  model  for  Case 
III,  with  the  assumed  increased  resistance,  roughly  corresponds 
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to  the  actual  wave  form  as  observed  by  Campbell,  although  the 
damping  of  the  higher  frequency  ripple  is  slightly  less  and  that  of 
the  lower  frequency  wave  is  much  greater  in  his  case. 

The  advantages  of  the  double-coil  model  which  has  just  been 
discussed  are  principally  that  it  shows  the  effect  of  loose  coupling 
between  the  primary  and  secondary.  It  indicates  the  two  vibra- 
tion frequencies  vAiich  are  present  and  permits  the  computation 
of  their  values.  It  is  also  possible  with  this  model  to  take  account 
of  the  fact  that  the  current  is  not  uniform  throughout  the  length 


— wy \  \   J ?t£- 

ft— — \ — ^ — —A- 


Vm.  ^.—Rrproductum  of  wane  form  of  thuttU  typ*  maputo  at  obttrval  if-Camphtlt, 
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of  the  secondary  winding.  It  is  also  possible  with  this  double- 
coil  model  to  handle  cases  in  which  a  resistance  R,  exists  in  parallel 
with  the  secondary  terminals,  as  would  be  the  case  with  a  fouled 
fpark  plug.  The  equations  for  this  circuit,  with  the  connections 
ps  in  Fig.  2 ,  are 


(16) 


,,Google 
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(17) 


The  great  disadvantage  of  this  double-coil  model  is  the  excessive 
labor  of  the  mathematical  computations  which  are  required  in  any 


Fio.  10. — Singl*<eil  mod*l  ciratit 

use  of  it,  these  being  so  great  as  to  prohibit  its  frequent  use  in 
design  problems.  It  also  does  not  allow  for  the  iron  toss  in  the 
magnetic  circuit  except  as  the  resistances  may  be  arbitrarily  in- 
creased, as  was  done  in  Case  III  above.  There  is  little  justifica- 
tion for  an  increase  by  the  same  factor  in  primary  and  secondary, 
although  this  is  probably  the  most  reasonable  assumption  to 
make. 
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m.  SUTGLB-COIL  UODEL 

As  a  contrast  to  the  complex  double-coil  model  which  has  just 
been  discussed  we  may  next  consider  the  properties  of  the  very 
simple  circuit  shown  in  Fig.  lo,  which  may  be  called  a  single-coil 
model.  If  the  coil  in  such  a  circuit  is  supplied  with  current  &om 
an  external  circuit  which  is  suddenly  interrupted  at  t—o,  the 
current  will  at  the  start  flow  into  the  condenser,  chargit^  it  to  a 
continuously  increasing  voltage  until  finally  the  entire  energy  of 
the  system  is  stored  electrostatically  in  the  condenser.  After  this 
the  current  will  reverse  and  the  circuit  will  oscillate  in  a  manner 
analogous  to  either  of  the  two  circuits  which  constitute  the  double- 
coil  model. 

1.  BQITATIOHS  Of  MODEL 

The  differential  equation  for  this  simple  type  of  dicuit  is 

LC^  +  RC^+v-E-o  (20) 

where  E  is  any  constant  emf  in  the  dnwlj  m^  as  tliat  geaemted 
by  rotation.  -  .     .  - 

The  solution  of  equation  (30)  to  meet  the  initial  conditions  of 

condenser  voltt^^e  equal  to  E  and  condenser  cuneat  C  -^  equal  to 

/g  at  the  instant  t  =  0  is : 


'-c(..-«j(^   ^+^ 

(21) 

v-'^^sin^  +  E 

(") 

7,° current  at  break       a, b  +  TJb'-fp 

b-^--a                    a,--6-VP^^ 

(23) 

""TE                ^-^''-'" 

Equation  (21)  applies  to  cases  where  b*>d*  and  equation  (22)  to 
the  more  usual  cases  where  6'  <  d*.  The  maximum  value  attained 
by  the  voltage  in  the  former  case  is 

V„-^r^'+B:  (24) 
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or  if  the  damping  is  so  very  great  that  4  isfiQ^^ible  ?(»npei«{l  to  &, 
equation  (21)  r»luces  to 

v-'^^ie'^-e^+E  (25) 

R*C 

and  eq  (24)  becomes  in  the  limit  when  —j — approaches  co 

V«-^+£  (a6) 

Similarly,  in  the  osdllatoiy  case  (&*<<^,  the  maximimi  voltf^e  is 

If  the  damping  is  very  small,  equations  (22)  and  (37)  ^uce  to 

'.  :3rc+^  ,.        .    <=" 

•ad 

/§+£  (29) 

The  vatiatitm  of  voltage  vith  time  indicated  by  equation  (22)  has, 
of  course,  the  damped  ^e  v&ve  form  such  as  those  plotted  in 
F^-  i3>  i4>  aii4  Curve  II  of  F^;.  31,  and  it  will  be  noted  that 

these  figures  are  similar' to  Kg.  7,  except  that  the  higher  frequency 

ripple  is  absent.    It  Is,  tllerefor^,  apparent  that  by  suitable  choice 

of  inductance,  resistance,  and  capacity  the  simple  model  would 

give  in  its  essential  features  the  same  performance  as  the  more 

complicated  circuits. 

It  will  be  noted  that  in  equations  (34),  (26),  (27),  and  (29)  the 

maximum  volt^e  attained,  Vm,  appears  explicitly  as  proportional 

to  /,  the  cturent  at  break,  if  the  constant  term  E  is  neglected,  and 

it  is  also  evident  that  a  similar  {»t>portiona]ity  exists  in  the  other 

V 
typesirf  model.    (SBe,for.es!Kitple,'eqaaticni  67.)    The  ratio-y? 

is  consequently  a  convenient  quantity  tor  expressing  the  perform- 
ance of  the  model.  Since  this  quantity  has  the  physical  dimen- 
sions of  an  impedance,  it  will  be  termed  the ' '  impulsive  impedance ' ' 
of  the  system  and  denoted  by  Z  in  the  following  discussion. 
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2.  DBBITATIDH  OT  SBfOS-COIL  HOISL  IMW  ACTOAL  CmCDTT 

The  use  of  this  single-coil  model  is  closely  analogous  to  tlie  use 
of  the  "equivalent  T  circuit"  which  is  so  generally  and  usefully 
applied  to  alternating  cuirent  problems  in  connection  with  trans- 
former des^  and  telephone  circuits.  The  relation  between  the 
single-coil  model  and  the  double-coil  model  is  perhaps  best  brought 
out  by  considering  the  series  of  steps  by  which  one  can  pass 
idiysically  from  one  to  the  other.  For  the  connection  shown  in 
Pig.  I  one  may  imagine  the  space  to  the  r^ht  of  the  dotted  line 
replaced  by  an  imaginary  region  in  which  the  various  electrical 
quantities  are  indicated  by  "pdmed"  letters  which  are  related  to 
the  actually  existing  electrical  constants  by  the  relations 

R.'-f,t.'-^,C.'-^.,7.'-M.V-^.E.'-f.       (30) 

where  p  is  any  constant  Cactor.  In  tlds  fictitious  space  all  the 
fundamental  electromagnetic  laws  will  still  apply.     For  exami^, 

♦,'  -  ^  (Ohm's  Law) 

Furtiiermore,  if  the  new  secondary  space  is  cpupled  to  the  original 
primary  circuit  by  a  value  of  mutual  indiictaace  given  by 

M'.M  ■     ,  (3,) 

the  reaction  of  any  electromagnetic  phenomenon  on  the  right  upon 
the  circuits  on  the  left  will  be  the  same  as  in  the  original  space. 
If  the  ratio  p  is  arbitrarily  chosen  as  equal  to  the  ratio  of  second- 
ary to  primary  turns,  the  above  procedure  becomes  what  is  called 
in  electrical  engineering  "referring  to  the  primary  side"  and 
api^ies  not  only  to  tint  oonstaitts  ni  the  -particular  iransforming 
device,  whedier  it  be  transformer,  magneto,  or  induction  coil,  but 
also  to  the  constants  of  any  other  apparatus  connected  beyond 
its  terminals.  Thus,  if  V.  (-5000  volts)  is  the  actual  break- 
down voltage  of  a  spark  gap  cormected  to  the  secondary,  and  if 
p  -  50,  then 

V 
V,'  -  -r-  - 100  volts 
P 

is  the  breakdown  volt^e  of  the  spark  gap  referred  to  the  primary 
side. 
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TUs  step  has  beenpiiTDly  arbibsry  and  maAmaRtigwl,  but  we 
tntist  now  introduce  the  physicaJ  asstunption  that  the  primary 
and  secondary  coils  are  closely  coupled,  so  that  Af  —  Z^L,  or  it  —  i . 


If  we  chof)se  p  < 


M    L, 
L~M 


then 
V-A/'-L,. 


(33) 

and  we  may  then  make  the  next  step  and  replace  the  two  closely 
coupled  coils  by  "a  single  coil  of  inductance  L  —  L^  —  'M*  —  h^.  Tile* 
only  physical  phenomena  affected  by  this  last  change  are  those' 
involving  the  insulation  between  the  coils  and  are  of  no  concern 


bcftoMK  douih-coil  and  tingU^oil  tMitlf 

in  the  problem  at  hand.  The  result  tit  the  steps  previously  dis- 
cussed gives  a  circuit  shown  in  Fig.  II.  If  in  any  such  network  a 
current  is  established  in  the  inductance  coil  L  and  left  to  itself,  it 
will  flow  through  the  resistances  Ri  and  R^',  charging  condensers 
C,  and  C-    If  the  relation 


«A-R»'C/-if,C, 


(33) 


holds,  then  the  potentials  of  points  A  and  B  will  rise  together  and 
be  equal  at  all  times  like  the  galvanometer  terminals  of  a  Wheat- 
stone  Bridge,  so  that  conditions  will  not  be  in  any  way  changed 
if  a  comiection  is  made  between  A  and  B.  With  such  a  connec- 
91701'— aa^ — -4 
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tion  in  place,  the  circuits  then  become  identical  witii  those  shown 
inFig.  ioirtiereC  =  C,  +  C,'and 

In  any  case  the  voltage  established  between  C  and  either  A  or  B 
is  small  compared  to  the  voltage  across  the  condenser  or  the  coil, 
and  the  performance  of  the  circuit  shown  in  Fig.  1 1  is  but  little 
affected  in  case  the  relation  (33)  is  not  exactly  fidfilled. 

The  justification  of  the  single-coil  model  from  a  more  mathe- 
matical point  of  view  can  be  based  upon  equation  (10)  by  inserting 
the  primed  quantities  as  defined  by  equation  (30). 

This  substitution  gives 

+  L.Q  +  UCjf^  +  (i?,C,  +  R.'C,')^  +  V.'  -  0  (35) 

This  shows  that  no  modification  of  the  differential  equation 
results  from  the  substitution  and  that  the  quantity  v,'  Is  affected 
only  as  the  insertion  of  the  primed  qiumtities  has  affected  the 
limits  of  int^ration.  As  above,  if  ik-i,  (Li  L^' "M'*)  the  first 
term  of  equation  (35)  vanishes  and  we  are  left  with  tlie  third  order 
equation 


+  (J?,C.+i?/C,')  ^H-V 


(36) 


(37) 


Intxodudng  the  further  physk»l  assumption  t)iat 

R,Q^R^,=R,'Q'  (33) 

we  obtain 

which  can  be  f  octoted,  giving 

(r,C,^  +  i)Jl.(C,+C.')^+R,C,|+i|v-«  (38) 
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A  complete  solution  of  this  is 

Vt=Ae-''^-*  +  B(^  sin  (jW  +  ff)  (39) 

~X+Y 
where  A,  B,  and  6  are  constants  of  integration,  and  o  and  0  are 
given  by  eq.  (23)  above,  if  we  pat 


Ri+R^ 


andC-C+C 


(40) 


Solution  X  represents  currents  flowing  from  one  condenser  into 
the  other  without  magnetizing  the  coil  (Z.  does  not  enter),  while 
V  is  the  same  solution  as  that  for  the  single-coil  model.  If 
both  condensers  ate  initiaUy  uncharged  and  there  is  an  initial 
current  /«  in  the  coil,  then  the  constant  A  of  equation  (39)  be- 
comes zero,  and  consequently  the  single-coil  model  gives  a  confr 
plete  scdution. 

A  similar  Ijne  of  reasoning  on  either  the  physical  or  mathe- 
mqtic&l  basts  may  be  applied  to  the  Qrpe  of  connection  shown  in 
Fig.  2  and  leads  in  a  similar  way  to  the  single-coil  model. 


FlO.  la. — SingU-Cotl  model  wiA  thunting  n 
S.  nHQlS-COIL  HO&EL  Wirff  SHUmmo  BBSISTAnCB 

The  case  in  which  the  secondary  terminals  are  shunted  by  a 
resistance  can  be  very  readily  handled  by  this  type  of  model  by 
using  the  substitution  suggested  by  Mizuno." 

The  circuit  for  such  a  case  is  shown  in  Fig.  13,  and  by 
KirchhoS's  laws  we  have,  taking  v  as  positive  when  the  upper 
condenser  plate  is  charged  positively, 


K  Wstno.  FbiL  Hm-.U,  d.  ttr.  >M. 
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i.  +  i.  +  i,-o  (41) 

(42) 
(43) 
(44) 


V i,R- 

-§-- 

»o-  - 

-s 

i,= 

V 

which 

may  be  combtQed  to  give 

■■^M'^iic-^L^r- 

E 
ZT" 


at  at 


(4<) 

(46) 


^«,       L'.L,R'.R+Jj;.C^C^E'.B^  (47) 

It  Will  be  seen  that  equation  (46)  13  idoitical  in  form  with  equa- 
tion (20)  above,  so  that  the  single-coil  model  when  shunted  is 
equivalent  to  an  unshunted  coil  having  the  fictitious  resistance 
and  capacity  given  by  equation  (47) .  It  nnist  be  noted,  however, 
that  the  initial  conditions  of  the  shunted  modd  are  at  f->o. 

iw— /,  andi)-E  (48) 

and  are  not  the  relations 

C  J-7.and,.-E'  (49) 

which  would  be  obtained  by  strictly  following  through  the 
analogy.  Solving  the  above  equations  gives,  in  case  the  circuit 
is  ovenlamped, 

or,  if  £  is  negligible, 
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where  a/  and  a/  are  obtaiiied  from-L',  /?',  and  C  by  equations 
(33).  It  is  interesting  to  note  that  when  5  is  so  small  as  to  pro- 
duce very  heavy  overdamping,  and  make  (P  entirely  negligible 
compared  with  b*,  we  have  the  simple  relatfon 

V.-/^  (52) 

This  relation,  of  course,  mig^t  have  been  obtained  'diicctly  from 
the  physical  consideration  that  the.  coil  will  tend  tb  send  its  fall 
current  /« through  the  shunting  resistance  S  and  will  canaeqiiently 
establ^  across  the  terminals  of  the  condenser  a  voltage  equal  to 
the  IR  drop— /^.  In  most  ignition  circuits  \rtiich  are  so  heavily 
fouled  as  to  cause  misfiring  this  condition  is  quite  closely  ap- 
proached, and  a  knowledge  of  the  shimting  resistance  5  and  the 
sparking  voltage  of  the  gap  referred  to  the  primary  side  immedi- 
ately gives,  by  comparison  with  the  primary  current  at  break  le, 
an  indication  whether  or  not  a  spark  will  be  obtained. 

In  case  the  shunting  resistance  is  not  so  low  as  to  produce 
excessive,  damping  and  if  £  is  negligible,  the  solution  of  equation 
(46)  is 

iriiere,  as  before,  a'  and  j9'  are  GA>tained  from  R',  L',  and  C  by 
equation  (33). 

4.  RUMBRICAL  BZAVPISS 

From  equations  (31),  (23),  (51),  and  (53)  above  there  may  be 
computed,  as  sho?fn  by  Figs.  13,  14,  and  15,  the  variaticais  of 
voltage,  current,  and  of  energy  with  time  under  various  condi- 
tions. Case  I  correspcaids  to  a  dreuit  having  Z.  =0.015  te»M7, 
C-0.33  microfarad,  1?  — 16.8  ohms.  This  circuit  is  that  whidi 
would  be  obtained  from  that  considered  as  Case  III  of  the  double- 
coil  model  on  referring  all  the  constants  to  the  primary  side. 
Case  II  (Fig.  13)  corresponds  to  the  same  circuit  when  it  is 
shunted  with  an  additional  capacity  of  100  finf  on  the  secondary 
side  or  0.34  nudofanwl  on  the  primary  side.  -  Such  a  shunting 
mi^t  well  be  produced  by  the  addition  of  leads  in  a  metal  tube 
frtmi  the  magneto  terminal  to  the  spark  plug,  or  by  a  reasonable 
increase  of  primary  condenser,  such  as  might  be  thought  necessary 
to  reduoe  sparking  at  the  break.  It  is  seen  that  the  addition  of 
this  capacity  increases  tbe  period  of  osdilation  and  the  time 
interval  between  tbe  breaking  of  the  primary  current  and  the 
attainment  of  maximum  voltage.  It  also  produces  a  considerable 
reduction  in  the  magnitude  tA  the  wia-ritniiTti  which  is  obtained. 


Digitized  byGoOgle 


434 


Scientific  Papers  of  the  Bureau  of  Standards 


IVtLrr 


Cases  III  and  IV  conespand  to  the  same  circuit  treated  in 
Case  I,  but  shunted  in  Case  III  by  a  resistance  of  500  000  ohms 
on  the  secondary  and  in  Case  IV  by  100  000  duns  <Hi  the  secondary . 
The  latter  shunting  is  sufficient  to  make  the  oscillatioDS.c^tenodic. 
Fig.  14  shows  the  very  marked  decrease  in  maTtmnm  voltage 
which  results  from  the  presence  of  the  shunting  resistance  and 
Fig.  15,  which  shows  the  fluctuations  in  energy  for  Cases  I,  III, 
and  IV,  indicates  the  character  of  the  energy  transfbrmatioiis 
tHiich  take  place. 
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Vm.  ii.—EffKt  of  adM  aipaeity  o»  voJtqft  ofU  ainmt  tmm /vmt- dwimg  P*ii^  a 
armpuUdfor  tingU-coU  model 
Cfwe  i  haa  L— 0.015  A.  ^=0.31  itf,  R=i6.%  Q,  «°>49-     Caae  11  u  for  tbe  sane  modd 
witli  100  miCTO-inicnrfarads  additioual  capacity  in  parallel  vritia  the  secondar)' 


In  Case  I  the  electrostatic  eneigy  in  tihe  condmis^  rises  to  a 
maximum  at  t  =  ii  xic*  seconds,  at  which  time  all  of  the  energy 
then  present  exists  in  the  condense.  Tbedrt^  Jn  tot^  emrgy 
from  the  initial  value  of  7.5x10"*  joules  resvdts  from  the  dis- 
sipation of  euei^  in  the  reatstimce.  In  Case  III,  however,  we 
have  at  time  f-Sxio"*  seconds  a  maximum  storage  ol  energy 
in  the  condenser  and  a  maximum  voltage  across  its  terminals. 
At  this  time  the  total  energy  has,  as  a  result  of  the  dissipation  of 
energy  in  the  shunting  resistance,  fallen  to  4  x  10^  joules,  and 


Digitized  byGoOgle 


siUfd  Theory  of  Magneto  435 

the  remamiitg  2  x  10^  joules  «re  still  stored  as  tuagnetic  valbrgy 
in  thftcoM  and  Mttmanttained  in  that  form  by  the  current  flowing 
through  the  coil  and  the  damting  resistance.  At  the  later 
inrisnt  .f-"i7Xior*  seconds  the  current  in  the  ooil  is  passing 
thzot^zcR),  kmt  Aeieitbre  energy  supply  has  bcfeniao  much 
deleted  that  at  thb  time  there  is  less  iq  the  cf^idensertliali  at 
t^  eariier  instant.  .StiUjlster  in  the  cydethii  durent  builds 
11^  in  the  lerverse  dicecticiB  and  recetvcs  some  (rfthe  dmdeic  store 
itf  eturgy.whicli  is  stiU  floning  out  of  the  condmscrb    The  stiamge 


VXQ.  t^-~EjffKt.tf  fkitiiii9g.j^iftafK*  o*.velt(^  tmd.cHtttttt  tm/tforru  Airing  pttrifd 
aeomp»UdfornngU-a>ilmod*l^  ._fiaiaI,hotf^=0.oiik,  €=0.3211/,  R—z6.80,n~4Q. 
Caa  III  bu  in  addition  a  thuitUng  ntittanc*  of  ^oo  000  Q  on  ttf  leeondary  (tqtthaUnt 
to  WJQvAm  nrf«rf4 fct,  1^1  jfj^'ry}.  Out  IV hat athtuHingruitUtHCf.of'jaooffaSt 
on  III*  4*condaTy  (fguivaknt  to  41.7  II  vdm_  T^erred  'to  Hit  primaiy) 

of  m&giketfc  enet^'ta  tlie«oa>b3^tltt  ctimnt  throng  the  shuntmg 
reetetoneeis  doeely  aniUogoan  wltb  tiieeficct  whicb-snll  be  dis- 
cussed later  of  the  storage  of  energy  by  the  eddy  aments  in  the 
core  of  the  magneto  at.  the  instant  wh^  the  currents  in  the 
windings  are  zera'  Tfab'sitm^rity  also  brings  out  the  possibility 
of  expressing  the  eddy  current  loss  in  terms  of  an  equivalent 
shunting  resistance  and  Msing  Pig.  1 3  as  Ei  type  of  model  to  express 
theise  eddy  current  effects.  It  is  jJrobable,  however,  that  in 
most  quantitative  wort  the  alternative' chcuit  shown  in'F^.  to 
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■nUh  an  increased  value  of  R  will  be  found  more  uaiJiil,  Bnd:for  a 
precise  studj  oi  these  effects  the  mtxe  aimplex  "daBed<aril 
model, ""to  be  discussed  belgw,  nuist  be resmted  to. 
.  In  most  cases  it  is  only  the  TnaTTTrH>in  voitage  of  the  fittt  oscil- 
lataon -which  is  of  importance  and  which  is  given  bjr.  eq^atuuis 
(24),  (36),  (37),' -and  (29),  and  the  e&ct  of  sudi  quastities  as 
capacity  and  shnntiiig  renstaiice  on  the  voltage  may  be  repfc- 
aented  du-ectly  by  carvea^such  as  those  jgiven  in  Pigs.  3a  and^j^ 
below,  in  which- these  physical  values  are  compaiied^witheEpexi- 


Fio.  is.—CkM9€i  1/  tMrgr  wtA  Um  compuM  for  thtjlKott  mudtl  itt»  foHotu 
ikuntiny  miitamcei 

mental  results.  The  general  characterfitics' of  Fig.  31  are,  of 
course,  determined  by  the  fact  that  the  initial  amount  of  energy, 
^  L  /,',  is  l»ttEr  in  the  cycle  stoMl  inth  relatively  littie  ktsa  in 
Ibe  oondender  C,  and  the  ifesuttxig  vbltage  may  be  computed 
from  the  lehttion  -..;.<- 


HL!.'->iCy^'„rV^-,I^ 


<54) 


The  general  characteristics  of  the  curye  sboTm  in  Fig,  33  are  that 
for.  very  high  values  of  the  shunting  lesistaace  the  mainnniTn 
volt^i^  approaches  a  constant  value  given  by  the  preceding 
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relation,  wlule  with  very  low  values  of  the  shimtang  resistance 
the  simple  Knear  relation  of  equation  52  applies.  The  dotted  line 
diows  the  relation  of  impulsive  impedance  to  shimting  resistance 
on  this  basis. 

5.  APPUCATIOn  or  SniOLBXOIL  MODEL  TO  COMPLBIB  CTCXB 

The  relatively  great  simplicity  of  the  single-coil  model  as  com- 
pered with  either  the  double-coil  model  or  the  closed-coil  model 
which  is  discussed  below  renders  it  quite  suitable  for  computation, 
and  it  has  the  further  advantage  of  lending  itself  with  very  slight 
extension  to  a  qualitative  indication  of  the  complete  cycle  of 


FlO.  16. — Sinfk-coilmodtlnlttidtdloaidieaUcompltUeychof  oprraU&ttof 


operation  of  the  magneto.  Fig.  16  shows  the  single-coil  model 
as  thus  extended  by  the  addition  of  components  corresponding  to 
the  primary  circuit  breaker  and  the  spark  gap  and  with  its  total 
capacity  a^iin  divided  into  the  components  C,  and  C„  of  which 
it  was  orighially  composed. 

It  is  seen  that  this  model  consists  approximately  at  least  of 
two  perfect  conductors  or  jtmction  points  A-A  and  B-B  between 
whidi  are  or  may  be  connected  five  circuits  in  parallel.  At  the 
beginning  of  the  cycle  of  operation,  diuing  what  may  be  called 
period  i,  we  have  contact  breaker  b  closed  and  circuits  w  and  b 
of  importance  in  the  phenomenon.  During  this  period  the 
rotation  of  the  armature  between  the  magnet  poles  generates  a 
61701'— 22 5 
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current  in  the  circuit  thus  formed,  which,  at  the  instant  of  t»«ak, 
has  attained  a  value,  h.  At  the  instant  of  break  conditions  are 
abruptly  changed  by  the  elimination  of  circuit  b  from  the  system 
and  we  then  have,  as  has  been  discussed  above,  the  coil  w,  charg- 
ing the  two  condensers  Q  and  C,  in  parallel  at  an  initial  rate  h. 
This  continues  until  at  some  short  time  later  the  voltage  across 
the  condenser  C,  and  across  the  spark  gap  g  has  risen  to  a  value 
equal  to  the  breakdown  voltage  of  the  gap.  In  most  cases  this 
occurs  before  the  current  Ig  has  decreased  very  greatly  and  beftxc 
more  than  a  small  percentage  of  the  total  magnetic  energy  has 
been  stored  in  the  two  condensers.  When  the  spark  gap  g 
becomes  conducting,  which  occurs  with  great  rapidity,  we  have 
for  the  very  short  period  3  the  discharge  of  the  two  condensers 
through  the  spark  gap,  so  that  the  circuit  g  in  series  with  the 
combination  of  C,  and  C,  in  parallel  only  need  be  considered. 
Actually  the  leakage  reactance  of  the  winding,  though,  as  ex- 
plained above,  nearly  negligible  during  period  3 ,  is  of  fundamental 
importance  during  period  3  because  of  the  very  high  frequency 
of  the  oscillations  of  the  circuit  g  C,  C,.  Consequently,  we  may 
expect  that  only  condenser  C,  will  be  discharged  at  first  through 
spark  gap  g,  and  that  the  discharge  of  condenser  C,  will  follow 
at  an  appreciably  later  time  after  it  has  established  the  magnetic 
field  required  by  the  leakage  flux  of  the  windii^.  At  the  end  of 
this  entire  period  3,  which  is  of  extremely  short  duration,  we  are 
left  with  the  ctnl  w  in  series  with  spark  gap  g,  which  is  now  broken 
down  and  which  may  be  considered  as  replaced  by  a  relatively 
high  resistance  (10  000  to  40  000  ohms  on  the  secondary  or  4 
-  to  j6  ohms  referred  to  the  primary)  through  wtiich  the  coil  can 
discharge.  This  discharge  takes  place  during  what  may  be  called 
period  4  and  continues  usually  until  the  entire  store  of  energy  is 
dissipated. 

TTiis  interval  of  relatively  long  dtu^tion  (o.ooi  to  0.008  second) 
is  what  is  recorded  by  an  oscillograph  connected  in  series  with  the 
spark  gap.  If  the  entire  supply  of  energy  is  dissipated  before  the 
contact  b  is  closed,  there  is  no  further  action  until  period  i  of  the 
next  cycle  begins.  If,  however,  the  cam  is  so  short  or  the  magneto 
speed  so  high  that  the  circuit  breaker  b  closes  before  the  exhaus- 
tion of  the  energy  supply,  we  then  have  circuit  b  of  relatively  low 
resistance  in  parallel  with  circuit  g  of  high  resbtance,  both  being 
fed  by  the  coil  w.  The  result  is  that  most  of  the  current  flows 
through  circmt  b  and,  owing  to  the  curious  volt-ampere  character- 
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istic  of  spark  gaps,  according  to  which  their  resistance  increases 
rapidly  as  the  current  flow  tbroi^h  them  decreases,  the  entire 
current  is  actually  diverted  from  circuit  g  to  circuit  b  and  the 
sparic  is  extingui^ied  with  great  suddenness.  Furthermore  the 
condensers  which  had  previously  been  chaiged  to  the  relatively 
low  volt^e  (say,  1200  on  secondary  or  34  referred  to  primary) 
which  was  required  to  maintain  the  current  through  the  spark 
gap  now  discharge  themselves  rapidly  and  probably  in  an  oscilla- 
tory manner  through  circuit  b  during  a  ahort  interval  which  may 
be  called  period  5.  After  the  cessation  c£  this  condenser  disdiaige 
the  coil  may  still  continue  to  send  considerable  current  through 
circuit  b  during  what  may  be  called  period  6  until  the  energy 
supply  is  finally  exhausted.  It  will  be  found  that  this  conception 
of  a  single-co0  model  as  drawn  in  F^.  16  is  of  great  utility  in 
anidyzing  the  results  of  oscillograph  tests  of  mi^netos  and  indi- 
cates the  reasons  for  the  quantitative  relations  between  corre- 
sponding changes  Jn  primary  and  secondary  currents  resulting 
from  the  opening  and  closing  of  the  breaker  or  fluctuations  in 
circuit  resistance.  It  is  obvious  that  the  addition  of  a  sixth 
circuit,  s,  (xmtaining  reastance,  as  indicated  by  the  dotted  lines, 
serves  to  take  account  of  the  presence  of  shunting  resistance 
across  the  spark  plug  points. 

IV.  CLOSEI>-COIL  MODE); 

I.  EQDATIOHS 

The  two  models  [seviously  discussed  can  account  for  the  energy 
losses  in  the  iron  of  the  magnetic  drcnit  only  by  the  device  of 
increasing  the  resistance  of  one  or  both  coils  by  some  arbitrary 
amount.  This  is  theoretically  unsatisfactory,  since  it  essentially 
implies  that  the  energy  loss  is  proportional  to  the  square  of  the 
current  flowing  in  the  winding,  which  in  general  may  not  be 
correct.  The  iron  loss  consists  of  a  certain  amount  of  hysteresis 
loss,  together  with  the  dissipation  of  energy  which  results  from 
eddy  currrats  induced  in  the  conducting  iron  core  as  a  result  of 
the  rapid  rate  of  change  of  flux.  In  the  normal  operation  of  the 
magneto  the  magnetic  change  which  occurs  dining  period  2  con- 
sists of  a  sudden  decrease  of  the  magnetic  fltuc,  and  the  energy 
which  is  lost  as  a  consequence  of  this  process  can  be  estimated  ' 
from  the  departure  of  the  actual  flux-magnetomotive  force  curve 
of  the  magnetic  circuit  from  the  ideal  straight  line  which  would 
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correspond  to  a  circuit  having  no  such  loss.  Measurements  of 
the  entire  hysteresis  loss  for  circuits  of  this  type**  indicate  that 
the  total  amoimt  of  hysteresis  loss  is  small  relative  to  the  energy 
stored  in  the  circuit,  and  consequently  may  be  neglected  without 
introducing  serious  error.  The  lar^;er  portion  of  the  iron  loss  is 
due  to  eddy  currents,  and  consequently  their  effect  upon  the 
operation  of  the  device  may,  to  a  first  approictmation,  be  repre- 
sented by  the  presence  of  a  closed  tertiary  winding  which  is 
coupled  inductively  to  the  actual  physical  winding  of  the  core  and 
i^iich  possesses  certain  reastance  and  inductance  as  well  as  a 


Pk).  fj.—Ciromilt^elottd-emltMdtlefimtgmiP 

certain  mutual  inductance  to  the  winding.  Hie  addition  of  such 
a  tertiary  circuit  to  the  double-coil  model  would  lead  to  an  aggre- 
gation of  circuits  which  would  be  too  complex  for  useful  applica- 
tion, and  it  is  more  valuable  to  add  Ihe  closed  tertiary  circuit  to 
the  single-coil  model  just  discussed,  thus  obtaining  a  circuit 
shown  in  Fig.  17,  which  will  be  called  the  "closed-coil  model." 
A  little  consideration  will  show  that  the  performance  of  the 
external  winding  will  not  be  affected  if,  in  place  of  any  particular 
assumed  tertiary  circuit,  an  alternative  circuit  is  substituted  in 
which 

U  =  p'L,,  M/  -  pM,.  R,'  -  p'R,.  (55) 


L  p.  p.  Roxxt  Ko.  to.  Mat  AdviKirr  Q 


3.  RciBrt  No.  5S:;  igi*. 
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It  consequently  appears  that  the '  meastncments  and  efEects  in 
the  actual  winding  depend  only  upon  two  constants  of  the  tertiary 
coil  and  not  upon  the  three  constants  L„  R»,  M,,  as  would  appear 
at  first  sight.  For  these  two  constants  the  most  convenient  ones 
to  use  are  the  coefSdent  of  coupling  k„  defined  as 

aod  the  time  constant  T.  of  the  circuit  defined  as 

Applying  giirhlinff's  isms  to  th^  circuit  shown  in  Fig.fy  gives 
L.^+R.<.+M.^-o  (58) 

h,C.^+M.^+R,C,^+v-E,  (59) 

which  may  be  combined  with  e^s.  (56)  and  (57)  to' give 

+v-Ei-o  '  (60) 

Ef  may  usually  be  neglected,  or  if  its  derivatives  are  negligible 
it  may  be  eliminated  by  a  change  of  variable,  as  was  done  in  equa- 
tion (7)  above.  On  either  basis  the  solution  of  equation  (60) 
depends  upon  that  of  the  coiresponding  auxiliary  equation. 

r,Ci-*,')ZnC,m'-f/ i+^')z«C.iii»+(i+^)r.C,«+i-o     (fii) 

The  initial  conditicms  are  v— £„  t,-/o  and  i,mo_a.t  ^-o,  and  tvrp 
cases  arise,  depending  on  whether  the  three  roots  of  (61),  m,,  m,, 
and  m,  ate  aB  t^al  and  negative,  or  whether  m,  is  real  and  nega- 
tive, while  tH}  and  m,  form  a  pair  of  conjugate  complex  quan- 
tities, so  that 

m,-a+j0;  m,—a-jP  (62) 
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In  the  former  case  the  sohition  of  (60)  is 
v^A^e'^  +  Aie^  +  A^ 


where 


(''+''•+{, -I'm)'' 


'  ^    (ffl,  —  frt J  (m,  —  m jt, 


(m,— m,)  (mt  —  m^Ci 


(m,-i 


''(i-t.')^.. 


:> 


(63) 


(64) 


In  case  two  of  the  roots,  (say  m,  and  Wj)  are  nearly  equal  the  cor- 
responding A's  become  very  large  and  equations  (63)  and  (64) 
become  inconvenient.    If  we  set,  ffl,-»ij+8  (65) 

equation  (63)  becomes  (assuming  ,  --Liir  to  be  negl^ible) 


v=A,(e^-e'^')+iAjle^  . 


:  approx.    (66) 


if  Wis  small  compared  to  I.   , 

When  ntj  and  m,  are  comp^,  the  solution  can  be  put  in  the  form 


where  a  and  ^  are  defined  by  equation  (62)  and 


■A^- 


"w- 


^  —  ton"' 


P(»4  +g«) 


(68) 


(69) 


-0*  +  Aia-md 

■ '  In  the  practical  use  of  ibk  closed-cbil  modd  ^t  is's^dom  neces- 
sary to  carry  out  a  direct  solution  of  the  cubic  equation  (6i),  as 
it' is  usually  eisisi^  to  obtain  one  ibotm,  by  succesyve  approxi- 
mations.   The  root  mi  has  the  value-^  for  large  values  of  T, 

for  small  values  of  T„.  so  that  an 


and  the  value 


T,(i-*.-) 


assumed  value  between  these  limits  gives  a  good  fitst  approxima- 
tion.   Equation  (61)  may  be  transposed  to  give 


j^        /  t.'X..C,m'        \ 

T."     V"    L,C,m'+R,C,m  +  iJ 


(70) 
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and  several  assumed  values  of  m,  c«a  be  substituted  in  the  right- 
hand  member  and  the  corresponding  value  of  T,  computed-  An 
auxiliary  graph  can  then  be  drawn  with  T,  as  ordinate  against 
m,  as  abscissa,  and  the  precise  value  of  m,  corresponding  to  the 
original  value  of  T,  is  tiien  read  off.  The  cubic  equation  can 
then  be  depressed  by  dividing  through  by  the  expression  (m-mj 
and  the  resulting  quadratic  be  easily  solved  by  the  usual  methods. 
It  is  impracticable  to  obtain  an  explicit  expression  for  the  maxi- 
mum voltage  of  the  impulse  defined  by  equations  (66)  or  (67),  as 
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Ro,  jS.—VoU&^  and  eurTtntvaM/oniu  during  prnod  a  eomp»Ud  for  ehttd-coitpioAt 

was  done  in  the  case  of  the  single-coil  model.  In  a  given  numerical 
case  Ute  voltage  may  be  computed  for  several  values  of  t  near  the 
crest  of  the  impulse  and  the  maximum  value  read  from  an  auxiliary 
graph  of  V  versus.  ^    A  v^ue  o£ 


;+•■ 


(71) 


is  a  convenient  first  approzilnation,  but  is  alwajis  slightly  too 
large. 
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2.  HmiERICU,  BZAHPIB 
Fig.  18  and  Curve  III  of  Fig.  31  show  the  general  character  of 
the  variation  of  voltage  and  current  in  the  various  circuits  with 
time  and  Fig.  19  the  corresponding  energy  changes.  It  will  be 
noted  that  the  term  involving  e"^  (shown  dotted  in  Fig.  31)  in 
effect  shifts  the  zero  line  with  respect  to  which  the  danqied  osctl- 


Fio.  19. — Ckangtt  ofmtrgy  -wilk  timt.    Clot*d-coil  modal 


lation  represented  by  the  second  term  occurs  and  gives  a  coat«< 
spending  increase  to  the  first  positive  maximum  voltage  and  a 
slightly  less  decrease  to  the  amphtude  of  the  first  negative  maxi- 
mum. This  tendency  is  very  clearly  shown  in  the  experimental 
etudes  obtained  by  Campbell,  Fig.  9,  and  can  not  be  produced 
by  either  the  single  or  double  coil  models  directly. 
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It  will  be  noticed  that  in  case  the  quanti^  T.  is  very  large 
relative  to  -^LiC,  that  the  equation  (6t)  may  be  factored  to  give 

(»+^J|(i  -*.')I^C.«'  +  (/?,C,  +^^^'Vt  +  lUo      (72) 

Ihe  diffemice  between  the  aj^Mxudmate  equation  (72)  and  the 

correct  equation  (61)  is  a  term  k\   i-  'm,  which  becomes  negligible 

in  comparisott  wMi  T,  m-for  large  vahieB  td  Tt. 
Stmlaily,  if  T.  is  very  small,  the  approximate  equation 

(»+r^^/_^^^){£..c.m'+(ig.c.+vr.)«t+i}-o     (73) 

may  be  used.  The  difference  between  equations  (73)  and  (61) 
consists  of  the  term-i*.{rj?,Ci  +  7~'.(i -£'•)}«!*,  which  beoomea 
negligible  in  comparison  with  LiC,m*  for  sufficiently  small  values 
of  T.. 

The  terms  in  the  final  solution  comsponding  to  the  first  factor 
in  equations  (73)  and  (73)  are  negligible  for  the  respective  ranges 
of  Ta  for  which  the  equations  apfrfy,  so  the  resulting  solutions  in 
these  two  extreme  cases  are  in  the  same  form  as  those  given  by 
the  singk-coil  model.  It  is  therefore  evident  that  the  substitU' 
tion  of  proper  values  of  L  and  R  in  the  latter  model  will  giive  the 
same  results  as  the  more  complicated  equation  (67)  above  for  either 
extreme  case.  It  so  happens,  however,  that  in  a  typic^  shuttle 
armature  magneto  experimented  with  the  observed  values  of  T, 
were  of  the  same  order  of  magnitude  as  ■^L^,  and  consequently 
the  simplified  equations  were  not  applicable. 

The  decrease  in  the  coefficient  of  m*  in  equation  (72]  as  com- 
pared with  the  analogous  term  in  equation  (73)  or  equation  (20) 
c«n  be  rou^ily  explained  physically  if  we  assume  that  Ifae  coupliag 
between  the.  tertiazx  coil  and  the  mom  ootl  is  direct  and  amounts 


If  the  time  constaut  J*  is  made  very  large  and  conseqoently  R^ 

made  very  small,  the  net  effect  is  to  ^ort  circuit  t-  of  the  winding, 

leaving  only  a  fraction  of  the  original- inductance  rematidng. 

Fig.  20  shows  the  values  of  the  real  root  m^  in  equation  (6j)  for 
various  values  of  T,,  and  A',  in  a  model  having  Z<t~  0.01 5  k,  Rx^ 
0.33  ohm,  Ci  —0.325  nf,  curves  being  drawn  for  values  of  &',— o.i, 
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0.5,  0.9,  and  0.95.     It  may  be  shown  that  all  the  roots  of  equation 
(61)  will  be  real  only  if  k\  is  greater  than  0.889." 

It  is  seen  by  Fig.  20  that  for  sudi  values  of  jfc'„  the  curves  of 
Ml  against  T,  have  the  double  bend  diatacteristic  of  the  cubic 
equation,  and  the  three  real  values  of  m  correspond  to  intersec- 
tions of  this  oirve  with  an  ordinate  at  the  propn  tbIuc  of  T,. 
Ijhe  principal  effect  of  increasing  T,  at  any  value  of  Jt*  is  to  decrease 
the  maximum  voltage  from  the  value  that  it  has  with  no  eddy 
current  present  to  a  reduced  value  wdiidi  becomes  cc^o^aat  tar 
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FiQ.  30.— CurvM  ihowing  valiui  of  the  rtal  root  Mj  tjf  CiMc  aqttation  (fiz)  far  vmou* 
valMt  of  T,  and  k^  for  circuitt  having  Ri— 0-33  O.  Lj— 0.015  *»  ^i"*-3»S  *•/ 

large  values  of  T,.  This  is  shottn  in  Pig.  21,  in  iriudt  the  crest 
voltage  computed  for  a  particular  doubleHioil  modd  {R  -  0.33  ohm, 
L-0.015A,  C—o.32Sftf)  is  plotted  against  T,  for  various  values  of 
k*t.  The  lower  curves  indicate  the  contribution  to  this  total 
crest  voltage  of  the  term  involving  e"*'  of  equation  (67),  and 
hence  the  displacement  of  the  axis  about  which  the  oscillation 
corresponding  to  the  second  term  takes  place.  It  will  be  noted 
that  this  effect  is  relatively  small  unless  k\  is  nearly  unity  and  T, 
is  greater  than  the  limiting  value  at  which  all  three  roots  of  equa- 
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taon  (61)    are  real.     For  smaller  values  of  T,  the  «       term  is 
negligibly  small. 

In  general  T,  will  be  proportional  to  the  conductivity  of  the 
material,  and  hence  will  be  decreased  by  the  use  of  thinner  lamina- 
tkms. '  rt  is  indicated  by  the  curve  -diat  no  material  diahge  in  the 
secondary  vMtage- is  to  be  expected -unless  the  decrease  in  lamina- 
tion thickness  serves  to  make  H^  value  of  T,  less  than  fhe  value 
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y  COKRBLATIOM  WITH  SEJH  BTFECT  Dl  QtOn  CORB 

All  of  the  Umv«  conchiaicBs  have  been  baaed  on  the  assumption 
of  a  single  eddy  current  circuit  of  fixed  constants.  It  is  possible, 
however,  by  the  ahematkig  current  bridge  descrflied  below  to 
determine  what  constants  the  equivalent  tertiary  eoil  must  have  in 
order  to  account  for  the  observed  resistance  and  inductance  of  the 
main  winding  at  any  particular  frequency  at  which  the  bridge  meas- 
urements are  made.  The  results  of  such  measurements  are  shown 
in  Fig.  29,  which  shows  the  variation  of  T,  and  k*,,  respectively, 
with  the  frequency  used  in  the  measurements.  The  two  sets  of 
curves  correspond  to  magnetos  whidi  are  identical  except  that 
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in  one  the  pole  pieces  are  laminated,  irtiile  in  the  other  they  are 
solid  iron  castings.  It  will  be  noted  that  the  variation  of  T, 
with  frequency  is  very  marked  and  that  the  quantity  uT\  is  more 
nearly  constant,  although  it  increases  with  increase  in  frequraicy. 
These  variations  of  the  tertiary  coil  constants  with  bequency 
are,  of  course,  the  result  of  the  magnetic  aldn  eSect  Jn  the  lanuna- 
tions  and  iudicate  that  at  higher  frequencies  the  magnetic  flux 
does  not  have  time  to  penetrate  throughout  the  thickness  of  the 
lamination,  but  that  the  fiux  density  and  also  the  eddy  cuttent 
density  are  greater  near  the  surface  than  in  the  center.  Hiis 
sineading  outward  of  the  eddy  current  circuit  accounts  for  the 
increase  in  the  effective  coupling  k„  and  the  lesultmg  increase 
in  the  resistance  offered  to  the  flow  of  the  eddy  cun%iit  due  to  the 
akin  effect  accounts  for  the  marked  increase  in  R^  and  daovase 

A  rough  estimate  of  the  amount  of  this  sldn  effect  to  be  expected 
can  be  obtained  by  considering  the  effective  ihductknce  and 
resistance  of  a  tmiformly  wotmd  coil  containing  a  laminated  iron 
Qoie  which  has  a  relative  short  air  gap.  By  making  a  number  of 
simplifying  assumptions,  such  as  the  absence  of  magnetic  leakage; 
a  uniform  distribution  of  m^netic  flux  density  over  the  cross 
section  of  the  core  on  direct  current  and  a  permeability  which  is 
independent  of  the  flux  density  we  may  deduce  on  expression  for 
theeffectiveimpedance  as  bemg,  

^=«-'"^.(^)  (^4) 

where  J?-Fesistance  of  coil  to  direct  current. 
Li  —  inductance  of  coil  to  direct  current. 
H  —  permeability. 

Y-'Tatio  of  the  flux  density  at  the  surface  c^  the  iron  to 
the  mean  flux  density  throughout  the  doss  section. 
This  is,  in  general,  aoonqdex  qnantity. 
A— length  of  iron  core. 
9 ■"length  of  air  gap. 
The  distribution  of  eddy  currents  in  an  iron  laminatkn  has  been 
worked  out**  and  the  relation  cotmecting  the  flux  doiaity  B, 
at  the  surface  of  the  lamination,  which  is  also  equal  to  what  would  - 
be  produced  throughout  the  material  at  zero  fiieqnency,  with 

id  Ofcillatiaaa,  p.  ]6 j,  (d  cd. 
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the  mean  flux    density  fi„  throu^out  the   thickness,   which 
actually  odsts  at  the  given  frequency,  is  found  to  be 

s^^'  -n  ,,T  ,,  cosh  cf,  cose  f,-ysiDhcf.  sine  ^ 

s    Q^     ^^  ^J' '^*»  sinh  c /,  cos  cA.-y  cosh  ci.  sine/,     "^J 

where  c-^ji-K'-f,  p  -  resistivity, /»- permeability,  /-frequency. 

V       P 
(All  in  c  g  s  units.) 
For  large  values  of  rfo,  this  reduces  to 

J-(/+i)c/o  (76) 

Inserting  this  value  of  « in  the  equation  (74) '  above  leads  to  ttte 
relaticms 


Z-R+iuL,\ 

-1 


(77) 


(78) 


Now,  it  mi^-be  shown  that  if  alternating  current  of  frequency  / 
is  passed  through  the  primary  of  the  closed  coil  model  (Pig.  17) 
the  apparent  impedance  of  the  coil  is 

equating  the  two  expressions  (77)  and  (79)  for  the  apparent 
impedance  gives 


and 


(80) 


as  being  the  values  of  k,  and  T,  to  be  expected  for  coils  containing 
such  a  laminated  iron  core. 

The  results  of  equations  (80)  and  (81)  are  plotted  in  Fig.  22, 
the  scale  of  frequency'  being  chosen  to  correspond  to  a  value  of 

~4  equal  o.i,  which,  in  turn,  is  a  reasonable  assumption  in  case 
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the  iron  lias  a  permeability  ju-iooo  and  a  lesisttvity  p— looo. 
These  curves  are  plotted  for  values  of  x  (the  ratio  of  air  gap  reluc- 
tance divided  by  iron  reluctance)  of  2,  5,  and  10,  respectively. 
It  will  be  noted  that  the  curves  connecting  uT,  with  frequency 
run  approxiniately  parallel  with  those  observed  for  one  of  the  nu^- 
netos  tested,  and  that  an  agreement  could  be  obtained  by  a  suit- 
able choice  of  the  factor  x.  The  agreement  between  the  curves 
connecting  k,*  with  frequency  is  not  so  good,  and  itis  possible  that 

a  decidedly  different  value  of  -j^  would  give  a  better  agreement. 
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The  general  order  of  magnitude  and  the  rate  of  increase  with  fre- 
quency is  the  same  in  the  theoretical  and  actual  csises,  and  the 
discrepancy  probably  results  ironi  the  presence  of  large  and  im- 
laminated  masses  of  metal  in  the  end  cheeks  of  the  armaturc,  the 
magnet  poles,  the  supporting  framework,  etc,  no  account  of  which 
is  taken  in  the  theoretical  discussion. 

The  energy  relations  between  the  main  circuit  and  the  tertiary 
circuit  are  shown  in  Fig.  19,  which  is  a  plot  of  the  electrostatic 
^lergy  in  the  condenser,  the  total  magnetic  energy  and  the  amount 
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of  energy  dissipated  as  heat.  It  will  be  seen  that  at  the  time 
t  =  gx Iff*  seconds, at  which  the  volta^  across  the  condenser  is  a 
maximum,  only  i.i  x  ic*  joides,  or  15  per  cent,  of  the  enei^  has 
been  dissipated,  but  3.1  x  io~*  joules,  or  28  per  cent,  additional  is 
rendered  unavailable  by  the  presence  of  the  eddy  currents  and  is 
stored  magnetically  in  that  part  of  the  iron  circuit  which  is  linked 
with  these  currents.  After  the  breakdown  of  the  spark  gap  a  con- 
siderable portion  of  this  28  per  cent  may  be  liberated  and  restored 
to  the  main  circuit  to  later  appear  as  heat  in  the  spark,  so  that 
from  this  point  of  view  measurements  of  spark  energy  do  not  en- 
tirely indicate  the  amount  of  energy  available  ior  the  production 
erf  voltage.  This  plot  also  indicates  the  similarity  between  the 
closed-coil  model  and  the  single-coil  model  containing  a  shunting 
resistance  in  parallel  with  its  terminals.  The  two  cases  would  be 
identical  if  &a'  were  unity  and  the  qualitative  agreement  is  fairly 
close  in  any  case. 

V.  MEASUREMBNTS  OF  COnSTAITTS 

In  determining  the  electrical  constants  R,  L,  C,  etc.,-  to  insert 
in  the  models  previous  dtecussed  two  general  methods  are  possir 
hie:  (i)  By. independent  measurements  of  phjr^cal  dimensions  or 
electrical  quantities,  sucji  as  capacity  of  condensers,  etc.;  (3)  by 
measuring  the  performance  of  the  complete  device  and  setting  up 
a  sufficient  number  of  equations  to  solve  empiric«Uy  for  the  set 
of  constants  which  will  best  satisfy  the  observed  results.  The 
former  type  of  me&od  is,  of  course,  desirable  from  the  point  of 
view  of  the  designer  or  testing  laboratory,  while  only  the  second 
type  of  method  is  applicable  in  cases  yrh^  it  is  desirable  to  study 
and  express  in  quantitative  terms  the  performance  of  apparatus 
already  in  existence. 

Capacity  Measurement 

The  capacity  C,  of  the  primary  condenser  of  the  magneto  may, 
of  course,  be  easily  measured  by  any  of  the  standard  methods  and 
need  not  be  referred  to  here.  The  secondary  distributed  cfqjadty 
consists  of  several  parts,  as  indicated  schematically  in  Fig.  23: 
First,  the  capacity  C*  of  the  condenser,  which  has  for  one 
"plate"  the  high-tension  lead  and  the  outer  layer  of  the  secondary 
winding,  and  for  the  other  "  plate  "  the  frame  of  the  machine,  the 
engine  ground,  and  any  tube  through  which  the  spark-plug  cable 
may  pass.    Portions  of  this  capacity  may  be  isolated  and  meas- 
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ured  separately,  but  the  portion  between  the  outer  layer  of  the 
winding  and  the  frame  can  not  be  handled  in  this  manner,  since 
even  the  removal  of  the  armature  from  the  frame  merely  substi- 
tutes the  ends  of  the  core  and  surrounding  objects  for  the  magneto 
frame,  and  while  it  materially  reduces  Ct  does  not  eliminate  it. 
TTie  next  most  important  part  of  the  secondary  capacity  is  the 
component  Cw.  which  is  built  up  from  the  capacity  between  the 
successive  layers  of  secondary  winding  connected  effectively  in 
series.  The  dielectric  of  this  condenser  consists  of  the  insulation 
between  layers,  while  the 
copper  wires  of  the  suc- 
cessive layers  form  the 
plates. 

In  addition  to  these  two 
main  components  there  is 
a  certain  amount  of  capac- 
ity Ci  represented  by  con- 
densers, one  plate  of  which 
is  the  end  turns  of  the  suc- 
cessive layers  of  the  sec- 
ondary, while  the  other 
plate  is  the  end  of  the  ar- 
mature core.  This  capac- 
ity is  "  distributed"  in  the 
strict  sense  of  the  word,  and 
the  effect  of  its  compo- 
nent parts  upon  the  entire 
macjiine  performance  must 
be  weighted  in  proper 
proportion,  depending  up- 
on   the  voltage  which  is 

applied  to  each  successive   ^°-  '3—Sd-mafit  diagram  of  eapadty  dulribw 
layer. 


(mn  t«  tMgtuta. 


The  equivalent  capacity  C,  irtiich  is  desired  tor  use  as  the  con- 
tribution from  the  secondary  winding  in  any  of  the  models  dis- 
cussed above  is  that  which  would  contain  at  the  terminal  voltage 
of  the  winding  the  same  amount  of  electrostatic  energy  as  is 
actually  stored  in  tiie  various  portions  of  the  dielectric,  and  the 
use  of  such  an  equivalent  condenser  is  acciwate  except  to  the 
extent  that  there  may  be  local  oscillations  of  higher  frequency, 
involving  only  portions  of  the  winding  and  of  the  corresponding 
condensers. 
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1.  BT  mPULSm  DDBDAHCB 
It  is  possible  to  obtain  the  equivalent  total  secondary  cEtpactty 
from  measuren^nts  on  tbe  magneto  by  observing  the  cTCSt  voltage 
obtained  by  interrupting  a  known  cutrent  through  the  prioary 
frith  the  primary  condenser  removed.  This  measuremmt  should 
be  made  with  a  number  of  different  values  of  capacity  added  to 
the  secondary  terminals,  and  the  corresponding  values  of  the 

impulsive' impedance  Z  should  be  computed.     If  ^  is  then  plotted 

as  ordinate  against  the  value  of  the  added  capacity  as  abscissa, 
the  results  will  be  found  to  fall  approximately  upon  a  strai^t 
fine,  the  intercept  of  which  with  the  axis  of  abscissae  will  give  the 
equivalent  secondary  capacity  previous  to  the  addition  of  the 
condenser. 

2.  BT  COHPUTATIOII 

The  capacity  through  the  winding  Cw  tnay  be  computed  approxi- 
mately from  the  dimenaons  of  the  winding  if  the  dielectric  con- 
stant of  the  insulating  material  is  known.  In  this  computation  it 
is  sufficiently  accurate  to  assume  the  condenser  to  be  built  up  of 
infinite '  parallel  plates  whose  thickness  is  that  of  the  dielectric 
between  nearest  points  of  the  wires  in  adjacent  layers  and  whose 
area  is  the  product  of  the  circumference  of  fliemean,  turn  mult 
tLpUed  by  the  width  of  the  winding.  Dividpig  thip  by  ,the  number 
of  layers  to  allow  for  series  connection  giyes  the  effective  value 
which  the. capacity  wouldhave  il^tlui  voltage  gradient  throughout 
the  width  of  each  cond«isei' weretmiform.  In  the  actual  winding; 
however,  the,  dielectric  at  one  end  of  the  layer  is  subjected  to  a 
voltage  2  e,  while  that  at,  t^ie  other  ^od  is  o,  if  e  is  the  voltage  per 
layer,  and  the  total  energy  stored  in  the  condenser  is  greater  than 
}i  C  e'  because  of  the  nonuniform  distribution  of  voltage  alontf 
each  layer  of  dielectric.    Multiplying  the  results  obtai^ied  as  indt- 

catedabovebythefactor^corrects  for  this  condition  and  gives  the 

value  which  should  be  used  in  conjimction  with  the  capacity  C% 
obtained  by  other  methods  to  give  the  total  capacity  of  the  wind- 
mg.    . 

3.  BT  BBSONAHCS 

Another  very  convenient  method  for  measuring  the  c^»city  of 
magneto  windings  is  that  indicated  in  Fig.  34,  where  the  coil  A  is 
supplied  frptp  a  suitable  source  with  currents  of  radio  frequency 
(100  000  to  500  000  cycles  per  second).     The  oscillating  drcuit 
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B,  loosely  coupled  to  ^,  is  tuned  to  resonance,  as  indicated  by  a. 
suitable  hot  wire  instrument  (A).  The  tenninals  of  the  winding 
■w  whose  capacity  is  to  be  measured  are  then  connected  in  parallel 
with  the  variable  condenser  C„,  and  this  latter  is  then  readjusted 
to  again  estabKsh  resonance.  The  decrease  in  the  condenser  Co  is, 
of  course,  equal  to  the  value  of  the  capacity  which  was  connected 
in  parallel  with  it  by  the  insertion  of  the  winding.  For  frequencies 
of  the  magnitude  indicated,  the  inductance  of  the  nu^neto  windii^ 
offers  a  practically  infinite  reactance,  and  only  a  negligible  amount 
of  current  flows  spindly  through  the  winding  around  the  core. 
The  main  part  of  the  radio  frequency  current  flows  through  the 
dielectric  from  layer  to  layer  of  condenser  Cw  and  also  supplies  Ci. 
In  using  this  method  it  is  well  to  take  readings  at  several  different 
frequencies,  so  that  if  one  of  them  coincides  with  a  natural  overtone 
of  the  coil  the  resulting 
error  will  be  apparent 
from  the  lack  of  agree- 
ment with  the  values  ob- 
tained at  the  other  fre- 
quencies. 

If  the  grounded  termi- 
nal of  the  fnimary  winding 
can  be  separated  from  the 
core,  the  entire  magneto 
may  be  regarded  as  hav- 
ing three  terminals:  (i) 
The  high-tension  terminal  of  the  secondary;  (2)  the  insulated 
groimd  terminal  of  the  primaiy;  (3)  the  frame.  Any  two  of  these 
terminals  may  be  used  as  the  terminals  of  a  condenser  to  connect 
in  parallel  with  C,  while  the  third  terminal  may  either  be  left 
insulated  or  may  be  connected  to  one  of  the  other  two.  TWs 
if^4em  thus  ^ves  six  possible  combinations,  any  tiitce  of  vrtiich 
are  sufficient  to  determine  the  three  capacities  C„  Ct,  and  C,  (C, 
being  the  capacity  between  the  irmer  layer  of  the  primary  wiiuling 
and  the  frame) .  The  check  values  obtained  from  the  other  three 
combinations  will  usually  be  found  to  agree  to  a  few  per  cent. 

It  should  be  borne  in  mind  that  during  these  radio  frequency 
nreasuTwnents  the  total  volt^;e  is  distributed  between  the  layers 
by  their  respective  capacities  and  that  the  voltage  from  any  one 
layer  to  the  next  is  uniform  throughout  the  width  of  the  layer, 
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and  consequently  tlie  radio  frequency  values  must  be  increased  by 
the  factor  -  lor  the  same  reason  as  the  computed  values. 


Still  another  method  for  measuring  Ct  is  obtained  by  tl^e  alter- 
nating current  bridge  method  described  in  detail  below.  (See 
Fig.  25.)  With  this  bridge  the  charging  currents  flowing  from  the 
winding  to  the  frame  are  led  off  through  the  cofidenaer  C«  and  in 
effect  measmed  by  it  This  method  gives  the  quantity  Ct  com- 
bined with  an  effective  value  of  Ct  weighted  in  proporticMX  tq  the 
voltage  applied  to  each  element  of  Ct,  but  does  not  give  a  qie^sum 
of  Cw-  Probably  the  most  satisfactory  values  can  be  obtained  by. 
combining  Ct  obtained  by  this  method  with  C,  obtained  at  radio 
frequency. 

The  following  table  gives  some  typical  data  on  sectmdary 
C9{>acity  obtained  by  the  various  methods  outlined  in  the  case  of 
two  shuttle  type  magnetos: 


CmmOtt 

Obwrrcd 

lllllltllriMII 

*-^jSgf» 

KWBMIMII 

IM. 

414 

lit. 

lb(BMl>-«> 

{x»-i 

In  the  case  of  IK82  the  total  effective  capacity,  referred  to  llw 
secondary,  obtained  by  summing  the  various  components  (includ-' 
ing  the  primary  condenser  and  secondary  leads)  vras  found  to  be 
197  w/>  while  the  value  obtained  by  extrapolating  the  line 

obtained  by  plotting  ^-  against  added  capacity  gave  204  nftf. 

Resistance  and  Inductance  Measurements 

The  double'Coil  and  closed-coil  models  invcdve  too  many 
constants  to  lend  themselves  readily  to  the  determination  of  the 
numerous  inductances  and  resistances  needed  by  the  second 
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method  outlined  above.  The  curve  of  ^  vs.  capacity  tnen- 
tiaoed  above  should  have,  according  to  the  single-coll  model 
(see  equation  27),  a  slope  equal   to  e~'g^"~''i,  and  this  com- 

L 
binaitioti  of  the  resistance  and  inductance  may  be  used  in 
computations  based  upaa  the  single-coil  model  or  may,  in  fact, 
be  used  as  the  reciprocal  ot  an  equivalent  inductance  in  a  sin^e- 
coil  model  of  zero  resistance  to  represent  with  fair  accuracy  tiie 
phenomenon Trtiich  takes  place.  It  might  be  thought  that  measure- 
ments of  the  maximirai  negative  crest  of  the  voltage  wave,  in 
addition  to  those  of  the  positive  crest,  would  give  a  value  for  the 
diunpihg  of  the  wave,  and  hence  vrould  serve  to  meastue  the 
resistance  of  the  equivalent  single-coil  model.  In  the  magnetos 
tested,  however,  the  distortion  of  the  base  of  oscillations  by  the 
eddy  currents,  as  indicated  by  the  term  involving  e''''o{  equation 
(67)  is  so  great  that  the  vahtes  of  resistance  obtained  by  lie 
method  outlined  are  very  much  greater  than  those  observed  by 
the  alternating  current  bridge  described  below  and  give  a  rather 
ousleading  indication  of  the  amount  of  eneixy  .dissipation. 

1.  BT  BALLISTIC  GALVAITOMETES 

Measurements  with  reversed  direct  current  using  a  ballistic 
galvanometer  to  measiue  the  changes  in  flux  involved  serve  to 
indicate  the  primary  and  secondary  inductance  and  mutual 
inductance  for  such  slow  changes  in  fluqc,  and  these  values  arc 
suitable  for  insertion  in  the  closed-coil  model,  since  the  tertiary 
circuit  takes  care  of  the  decrease  in  these  inductances  and  the 
increase  in  resistance  which  occur  at  higher  frequency.  The 
values  obtained  ballistically,  however,  are  not  satisfactory  for 
Use  directly  in  the  double-«)il  or  single-coil '  mddels.  A  mill 
l»Uistic  method  may  be  used  to  obtain  the  doefficient  of  coupling 
k  between  the  primary  and  secondary  windings  for  use  in  any 
double  coil  model."  While  the  values  of  k  obtained  by  this 
method  are  somewhat  jn  .error  as  the  result  q^  the  jionuniform. 
current  distribution  in  the  secondary  winding  under  operating 
conditions,  the  capacity  measurements  indicated  aboye  show  that 
the  component  d  of  capacity  which  causes  this  nonuniform 
eutrent  is  relativdy  small,  and  the  errcM"  introduced  finom  this 
cause  is  probably  negligible  compared  with  the  other  errors  which 
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are  inherent  in  setting  up  a  double-coil  model  equivalent  to  any 
given  m^neto.  The  chuiges  in  inductance  resulting  from  changes 
in  frequency  are  mainly  dependent  upon  changes  in  the  flux 
distribution  within  the  iron  core  itself,  and  it  is  probable  that  they 
have  relatively  little  effect  upon  the  coefficient  ot  coupling  between 
the  primary  and  secondary  winding,  although  both  L„  and  L,  and 
At  axe  individually  greatly  aiffected  by  an  increase  in  frequency. 

2.  BY  A.  c.  BRUHS 

The  methods  of  measuring  resistance  and  inductance  by  means 
of  some  modified  form  of  Wheatstone  bridge  supplied  by  alter- 
nating current  are  rapid  and  convenient  and  may  be  apfdied  to 
the  determination  of  the  constants  for  the  various  tjrpes  of  mag- 
neto models  discussed  above.  Any  such  measurement,  in  fact, 
indicates  the  ^^oes  of  re- 
~®  I     sistance  and  inductance 

of  an  equivalent  circuit 
which,  when  supplied  with 
sustained  altemattng  cur- 
rent of  the  frequency 
used,  shows  the  same  mag- 
nitude and  phase  relation 
of  current  as  does  the 
actual  apparatus  tested. 
During  the  operation  of  a 
magneto  in  the  normal 
manner  its  winding  and 
core  are  subjected  to  an 
impulse  which  bears  a  close  resemblance  to  a  single  half  wave  of 
sustained  alternating  current,  and  it  consequently  seems  a  rea- 
sonable assumption  that  the  value  of  resistance  and  inductance 
applicable  in  computing  such  an  impulse  should  be  at  least 
approximately  the  same  as  those  observed  for  an  alternating  cur- 
rent of  corresponding  frequency. 

The  type  of  alternating  current  bri^e  which  has  been  found 
convenient  for  such  measurements  is  shown  in  Fig.  25,  in  which 
one  winding,  preferably  the  high-voltage  coil,  is  connected  as  one 
of  the  four  arms  of  a  Wheatstone  bridge,  the  jMrimary  condenser 
being  disconnected  entirely.  In  addition  to  the  four  normal 
arms,  an  additional  circuit  is  connected  from  point  A  through 
variable  condenser  C*  and  a  variable  resistance  R,  to  the  frame 
of  the  magneto,  which  has  been  disconnected  from  the  end  of  the 
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primary  wmding  with  which  it  is  normaUy  in  contact.  Induc- 
tance Lt  and  resistam^  if,  are  then  adjusted  until  a  telephone  or 
other  suitable  detector  connected  between  points  C  and  D  ^ows 
a  balance.  The  detector  is  then  connected  between  points  C  and 
F  and  C,  is  adjusted  for  balance.  When  by  several  repetitions 
of  this  process  a  simultaneous  balance  has  been  obtained  on  both 
of  these  points,  we  have  to  a  close  degree  of  apiMTOximatkHi  the 
relation 

R.  +y«L.  -  ^(i?, + ;«LJ  (82) 

from  which  J?i  and  L,  for  each  frequency  can  be  obtained. 

Bquation  (8z)  is  rigorous  if  Cd  is  zero,  so  that  the  entire  capac- 
ity between  the  winding  and  frame  can  be  considered  as  concen- 
trated at  the  ends  as  Ct  and  C,,  respectively.  If  this  is  not  the 
case,  but  if  the  condensers  Cd  and  Ct  are  free  from  energy  loss, 
they  may  be  combined  to  form  an  equivalent  ctMidenser  Ck, 
located  at  a  fraction  K  of  the  total  length  of  the  winding  from 
the  terminal  B.  Equation  (82)  then  holds  if  the  right-hand 
member  is  multiplied  by  the  C0TT«±ion  factor 


where  2",  and  Z,  are  the  impedances  of  arms  5  and  6,  respectively, 
expressed  in  vector  notation.     K  is  given  by  the  equation 

Where  J?,'  is  that  part  of  the  coil  resistance  due  to.  the  copper 
winding  only.  Unfortunately,  however,  the  condenser  Ct  usually 
has  an  appreciable  energy  loss  (corresponding  to  a  power  factor 
of  about  0.05),  and  a  certain  amount  of  resistance  must  be  in- 
serted in  arm  6  to  balance  this  loss.  This  resistance  is  often  so 
large  that  the  value  of  K  computed  from  (84)  is  very  seriously  in 
error.  The  amount  and  location  of  the  capacity  Cd  can  be  esti- 
mated roughly  &om  the  arrangement  and  dimensions  of  the 
windings  and  in  the  coils  thus  far  studied  is  found  to  be  negligible 
in  its  effect  on  equation  (82). 

The  magnitude  of  the  condenser  Ck,  which  is  equivalent  in  the 
bridge  circuits  to  the  combined  effect  of  Cj  and  Ct,  is  given  by 

C'-wrSe  (85) 
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For  use  in  the  various  artifidal  models,  however,  we  desite  the 
value  of  condenser,  which,  if  connected  from  the  secondary  ter- 
minal to  ground,  would  receive  the  same  energy  as  is  actually 
stored  in  the  distributed  capacity.    This  value  is  given  by 

C/=  (I  -iO'Ck-^.d  -K)  (86) 

In  case  Cd  can  be  negkcted,  K  becomes  zero  and  (85)  and  (86) 
reduce  to 

It  will  be  noticed  that  the  capacity  C,,  discussed  above,  irtiich 
may  exist  between  the  inner  layer  of  the  primary  winding  and 
the  core,  does  not  affect  the  measurement  in  any  way,  since  it  is 
not  subjected  to  any  difference  of  potential  when  the  balance  has 
been  obtained.  The  component  of  capacity  denoted  above  by 
C,  from  layer  to  layer  of  the  winding  does  not  contribute  to  the 
flow  of  current  throt^h  the  arm  C„  but  flows  throng  arm  5  of 
tiie  bridge.  The  results  of  equation  (82)  must,  therefore,  be 
corrected  for  this  effect  also  by  the  following  equations: 


"(i+«'L'Q»  +  «»C7R" 


C87) 


^     (i+w'L'Q'  +  M'Ci?'*  t^*^ 

In  these  equations  R  and  L  are  the  true  resistance  and  indiictance 
of  the  winding  as  they  would  be  measured  if  the  capacity  C, 
were  absent,  while  R*  and  L'  are  the  actual  observed  resistance 
and  inductance  as  cott^nited  from  equations  (82)  and  (83)  above. 
These  equations  are  the  converse  of  tiie  well-known  equations: 

^  "  (i-^«*LQ'+«^J?'  f^5* 

,       L(i-«'LO-Ci?  ,    , 

^'' it -t^LQ^  +  t^^R*  (9*> 

whidi  express  the  effective  resistance  and  inductance  of  a.  coSi 
■whicb  is  bunted  by  a  condenser. 

Figs.  36,  37,  and  28  show  typical  results  obtained  on  three 
shuttle-type  mE^;net06  by  this  method.    Hie  dotted  curves  give 
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the  observed  resistance  and  inductance  for  various  frequencies, 
while  the  solid  curves  show  the  corresponding  values  after  correc- 
tion has  been  made  for  the  capacity  C,,  which  in  these  cases 
amounted  to  31,  38,  and  38w»/.  respectively.  It  will  be  noted 
that  the  inductance  first  decreases  quite  rapidly  from  the  values 
observed  on  direct  current  and  then  maintains  a  fairiy  constant 
value  as  the  frequency  is  further  increased.  The  effective  resist- 
ance increases  very  rapidly  to  a  value  which  is  many  times  that 
of  the  copper  winding  and  indicates  forcibly  the  importance  of 
the  iron  losses  in  effecting  the  dissipation  of  energy  in  such  an 
apparatus. 

To  apply  the  results  of  measurements  by  this  metliod  to  the 
sin^e-coil  model,  it  is  necessary  to  select  the  values  of  effective 
resistance  and  inductance  which  correspond  to  the  particular 
frequency,  a  half  wave  of  which  most  nearly  C(»ncides  with  the 
impulse  corresponding  to  the  operation  of  the  model.  This  can 
be  done  either  by  a  series  of  successive  approximations  or  more 
readily  by  plotting  (see  Fig.  26)  the  auxiliary  quanti^ 


C  — 


C  may  be  defined  as  the  capacity  which,  substituted  in  equation 
23,  will  give  as  the  resulting  frequency  —  of  a  single-coil  model 

tiie  value  — •    Hence,  wh«i  the  total  capacity  conneclsd  to  the 

magneto  is  known  in  any  specific  case,  the  frequency  correspond- 
ing to  this  vahte  of  C  on  the  auxiliary  carve  will  be  that  for 
which  R  and  L  should  be  taken. 

If  the  primary  condenser  is  not  disconnected,  it  produces  a 
very  marked  effect  upon  the  effective  resistance  and  inductance, 
as  would  be  expected  from  equations  (89)  and  (90).  Fig.  30 
shows  the  corresponding  variation  cA  resistance  and  inductance 
with  frequency  and  indicates  that  a  resonance  point  is  attained 
at  about  2300  cycles.*" 
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The  results  of  A.  C.  bridge  measurements  may  be  correlated 
with  the  closed-coil  magneto  model  by  computing  the  values  of 
ft,  and  T,  which  a  tertiary  circuit  must  have  in  order  to  change 
the  resistance  and  inductance  from  their  X>.  C.  values  to  the  values 
whiA  are  observed  at  any  particular  frequency  of  A.  C.  The 
effect  of  such  a  tertiary  circuit  upon  the  main  coil  is  iiLdicated 
by  equations 

*Jt  »T  I 

(9') 


'^-^'     i+Jt.> — 


(93) 
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which  result  immediately  from  (79),aii(l,cotivel%ly,  it  is  possible 
to  compute  for  each  frequency  the  values  of  ft,  and  T,  by  the 
following  formulas  which  are  derived  from  equations  {92)  and  (93) : 


r.-- 


L,~L,' 


(94) 


L,-L,' .     IR.'-Rd' 


(95) 
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Tlie  resulting  values  of  R„  Z.,,  and  k^,  T.  for  any  hequency  con- 
statute  the  constants  of  the  coiresponding  cloaed-coil  model. 
(Fig.  29.) 

VL  EXPERIMENTAL  COITFIRMATION   OF  MODELS 

Probably  the  most  searching  qualitative  tests  of  the  various 
models  discussed  above  is  oflfered  by  the  measurements  at  the 
National  Physical  Laboratory  of  the  »:tual  wave  form  during 
period  2.  A  comparison  of  Fig.  9,  taken  &om  their  results, 
with  Fig.  31  shows  that  the  general  character  of  a  damped  sinusoi- 
dal impulse  can  be  accounted  for  by  the  single-coil  model  (Curve 
II),  and  that  the  shift  of  the  base  line  of  this  impulse  to  a  positive 
exponential  curve  and  the  consequently  great  reduction  in  the 
negative  maxJmiun  is  explained  by  the  closed-coil  model  (Curve 
III),  and  that  the  high-frequency  ripple  with  its  relatively  small 
amplitude  can  be  explained  by  the  double-coil  model  (Curve  I). 

The  quantitative  comparison  of  the  models  with  an  actual 
magneto  is  offered  by  tests  made  at  the  Bureau  of  Standards  of 
two  shuttle  type  Berling  magnetos,  models  D-81  afld  D-82, 
respectively.  These  types  are  identical  except  that  model  D-Si 
has  laminated  pole  pieces  while  D-81  has  solid  iron  castings,  and 
in  certain  of  the  measurements  (e.  g..  Fig.  37)  the  D-81  armature 
was  used  in  both  frames  to  eliminate  all  other  possible  differences 
in  winding.  Measurements  of  the  capacity  of  these  magneto 
windings  made  by  the  radio  frequency  measurements  are  given 
above  (p.  455),  and  the  results  of  the  A.  C.  bridge  measurements 
made  on  the  secondary  winding  of  resistance,  inductance,  and 
capacity  to  ground  are  those  ^own  in  Figs.  36,  27,  and  28. 
Throu^out  the  alternating-current  measurements  the  voltage 
applied  to  the  bridge  was  varied  in  proportion  to  the  ftcquency, 
so  that  the  magnetic  circuit  operated  at  approximately  the  same 
dux  density  at  all  frequencies.  Although  500  volts  were  applied  at 
3000  cycles,  the  flux  was  necessarily  much  less  than  that  occurring  in 
normal  operation  and  corresponded  to  that  produced  by  a  primary 
cuirent  at  break  of  0.03  ampere.  This  latter  value  was  used  in 
the  crest-voltage  measurements. 

The  results  of  the  experimental  woric  are  best  expressed  in 
terms  of  the  "impulsive  impedance"  or  ratio  of  the  crest  voltage 
to  the  current  at  break.  While  this  impedance,  like  any  other 
constant  of  the  system,  may  be  referred  to  either  the  primary  or 
secondary  circuits,  it  is  for  most  purposes  more  convenient  to  use 
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die  hjrbrid  nhtt  given  by  the  quotfentrfaecondfycrett  voltage, 
divided  by  primary  current  at  faceak.     This  fiuanti^  Z.  is  xelated 


Fig.  31. — VoUag*  -woim  fomu  of  vanmu  modtU:  I,  4oublt-coil   wodtli  11,   tingU^oil 
moitl;  111,  etoied-aiit  model 

to  the  primary  (Z,)  and  secondary  (ZJ  impulsive  impedance  by 
the  equation 

Z^^nZ^-n^Z^  (96) 

niiere  n  is  the  ratio  of  turns  of  the  magneto. 
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FifT-  3a  ^ows  the  variatioii  of  this  quantity  irfaen  <Uff«Tvnt 
condensers  were'  connected  to  eitiier  the  pritoary  ox  secondary  of 
the  magjictQ.  It  will  be  noted  that  the  pcunts  indicated  as  drcles 
which  correspond  to  various  additions  of  capacity  to  the  primary 
windings  lie  on  the  same  curve  as  those  indicated  by  crosses  which 
correspond  to  the  addition  of  secondary  capacity,  this  agreement 
constitutii^  a  very  satisfactory  justification  of  the  utility  of 
referring  electrical  quantities  from  one  side  to  the  other  of  the 
transformer,  as  was  done  in  developing  the  single-coil  model. 
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'  The  Curve  I  in  Fig.  32  is  drawn  through  points  computed  for 
the  various  known  capacities  from  the  single-coil  model.  Curve 
II  gives  similar  values  computed  on  the  basis  of  the  closed-coil 
model  from  the  same  A.  C.  bridge  data.  It  will  be  seen  that  the 
discrepancy  in  both  cases,  while  greater  than  the  error  of  measure- 
ment and  fairly  constant,  is  by  no  means  large  when  (me  considers 
that  the  points  and  the  curves  were  obtained  on  entirely  distinct 
experimental  bases,  there  being  no  data  common  to  the  two  sets 
of  observations. 
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Fig.  33  gives  »  -sinaliu-  companaon  irti^i  various  shunting 
resistances  were  counected  in  paiuUel  vrith  the  secondary  oi  the 
magneto.  The  crosses  represent  the  values  of  Zm  directly  observed^ 
The  solid  curve  is  computed  irom  the  single-coil  model  using  the 
values  of  L  and  R,  observed  on  the  A.  C.  bridge  at  a  frequency  of 
2200  cycles,  -vriiich  is  the  natural  frequency  of  oscillation  of  the 
model  when  unshunted.  When  the  shimting  is  very  heavy,  the 
observed  points  depart  very  considerably  from  the  curve  thus  com- 
puted as  might  be  expected  from  the  slowing  down  of  the  oscillatio&s 
by  the  shunt.  If  in  the  computation  for  any  point  the  values  of 
L  and  J?  corresponding  to  the  actual  frequency  of  the  oscillation 
are  used  in  the  single-coil  (nbdel,  the  values  of  Z^  indicated  by  the 
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circles  are  obtained,  ^rfiich  are  seen  to  agree  tnndi  more  closely 
with  the  observed  values  than  does  the  solid  curve.  In  cases 
where  the  oscillations  are  overdamped  the  values  of  L  and  R 
coirespcmding  to  zero  frequency  may  be  used. 

Fig.  34  shows  the  vaiiatkmi  trf  the  secondary  crest  voltage  witii 
tile  magnitude  of  the  firimary  current,  at  break.  The  strait- 
line  relation  indicates  that  in  spite  of  the  presence  of  iron  in  the. 
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magnetic  dnnut  the  vamtion  of  Z^  with  cuirmt  is  rdativdiy 
^ht.  This  constancy  of  the  inductance  and  hence  of  Zn  is 
of  valite  inasmuch  as  it  is  not  practicable  to  make  the  A.  C.  mea»- 
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urements  with  as  large  cuirent  values  as  occur  in  actual  operation 
of  the  magneto.  If  this  were  attempted,  the  resultant  heating 
of  tiM  windii^  by  the  great  energy  loss  wia^  would  occur  would 
be  exoesstve. 
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Vn.  CONCLUSIONS 

The  experimental  results  just  described  indicate  that  the  various 
models  proposed  in  this  paper  do  not  depart  widely  in  their  per- 
formance from  the  actual  magneto,  and  it  is  hoped  that  the  single- 
coil  model  in  particular,  because  of  its  simplicity,  may  be  found 
useful  in  designing  apparatus  of  this  type.  There  is  a  great  need 
for  experimentation  by  the  methods  suggested  on  a  wider  variety 
of  magnetos  of  different  types  in  order  to  confirm  the  validity  of 
the  models  for  other  types  of  construction  than  the  conventional 
sbuttlewtHmd  armature  and  to  indicate  the  order  of  magnitude  of 
the  quantities  invtdved  in  typical  cases.  Measurements  already 
made  show  that  the  quantity  T,  is  a  definite  quantitative  measure 
of  the  effect  of  eddy  currents,  and  a  study  of  the  values  of  this 
quantity  in  magiutos  having  different  thickness  of  laminations 
would  be  of  great  value. 

Washinoton.  December  i,  1920. 
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CHARACTERISTIC   SOFT   X-RAYS   FROM    ARCS   IN 
GASES  AND  VAPORS 


B7  F.  L.  MoUer  uid  Pmil  D.  Footo 


Rrtentiala  required  to  ezdte  succe^lve  types  of  radUtiati  in  a  low-pi«ann«  Wclmelt 
vc  hsvD  been  measured  by  otwcrvbig  the  photoelectric  effect  o(  the  arc  radiatSon 
on  other  electrodes  wiQim  the  tarac  tube.  Udcal  radiatini;  potentials  for  11  gue« 
and  Tapors  have  been  nieaatifed  in  a  range  fnim  17  to  500  volts.  The  corresponding 
timiting  spectral  fretjacQciea  ran^ng  from  X— 700  to  X>«i5  A  include  the  nfteat 
duracterisdc  X.-ny  fbr  all  the  clenents  considered.  CriticBl  potentials  Gone^xnd- 
ing  to  the  principle  L  series  limit  of  sodium,  magnesium,  phosphorns,  sulphur,  and 
dtlorine  have  been  measttred.  A  softer  and  fainter  L  limit  has  also  been  discovered 
in  tikesB  clemeiits.  The  K  series  limits  at  carbon,  nitrogen,  and  oxjgea  have  been 
identified,  as  well  as  the  softest  X-»y  limits  (M  series)  of  potBMitun.  Ueasaicments 
of  radiation  bota  four  carboo  compounds  gave  identical  results  for  die  K  limit  ei 

Experiments  with  radiation  from  solids  indicate  the  existence  of  soft  characteristic 
X-fadiatJon,  with  no  measmable  general  radiation  under  the  best  \ 
tions.    Nickel  shows  radiation  starting  at  So  volts. 
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I.  INTRODUCTION 

Tbe  present  paper  is  concerned  with  measurements  of  the 
potentiab  required  to  excite  successive  types  of  radiation  in 
gases  and  vapors  by  electron  impact.  A  knowledge  of  the  ;diys- 
ical  condittOQS  whereby  different  kinds  of  radiation   may  be 
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stimidated  is  of  great  interest  in  its  bearing  upon  the  various 
theories  of  atomic  structure  and  is  most  essential  for  the  rational 
development  of  certain  technical  engineering  problems  of  im- 
mediate importance.  The  energy  transformations  involved  in 
electron  collision  are  as  follows;  The  kinetic  energy  >^«ro*  of  the 
colliding  electron  is  equal  to  Ve,  where  V  b  the  potential  difference 
through  which  the  electron  has  fallen.  At  any  potential  greater 
than  the  first  ionization  point,  collision  with  an  atom  may  result 
in  the  ejection  of  an  electron  from  the  atom  at  the  expense  of 
part  or  all  of  this  kinetic  energy.  The  positive  ion  upon  recom- 
bination  with  another  electron  will  emit  radiations  of  frequencies 
Vb  related  to  the  energy  E  requited  to  eject  the  electron  as 
follows: 

'  £-SA(v,  +  p,+vi,  etc.) 

The  highest  possible  frequency  v  is  such  that  Ar-E.  The  least 
potential  V  required  to  eject  the  electron  by  collision  and  the 
limiting  frequency  v  of  the  resulting  radiation  are  thus  propor- 
tional, viz: 

V.-».orXW-jI12^, 

The  limit  v  is  found  to  be  the  convergence  frequency  of  a  series 
of  abs(»^tion  lines,  in  all  cases  where  the  series  relations  are 
known,  and  in  X-ray  spectra  it  defines  the  edge  of  an  absorption 
band.  Hius  either  from  spectroscopic  measurements  of  the 
limiting  frequencies  of  different  types  of  radiation  or  from  meas- 
urements of  the  least  potential  required  to  eircite  the  radiation, 
the  energy  levels  of  the  various  atomic  configurations  may  be 
determined. 

The  following  transitions  in  the  type  of  electron  colUsicms  talK 
place.  Above  the  first  ionization  potential  one  valence  electron 
may  be  ejected  and  the  arc  spectrum  is  emitted  upon  recombina- 
tion. At  successively  higher  potentials  two  on  more  electrons 
may  be  ejected,  with  subsequent  emission  of  the  spark  spectra  of 
first  or  higher  orders. 

Hie  electronic  orbit  in  the  atom  nearest  the  nucleus  is  desig- 
nated as  the  K  orbit.  Outside  of  this  are  the  L,  M,  N,  etc.,  orbits 
of  successively  greater  diameter.  Ejection  of  one  of  these  elec- 
trons subsequently  gives  rise  to  the  emission  of  X-ray  spectra. 
If  the  removal  is  from  the  K  ring,  different  lines  of  the  K  series 
are  produced  when  the  ejected  electron  returns  to  its  equilibrium 
position,  and  similarly  for  the  other  rings. 
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In  part  because  of  the  experimental  limitations  to  spectroscopic 
analysis,  but  little  work  has  been  done  in  the  investigation  of  the 
radiation  from  the  outer  X-ray  orbits.  The  spectrum  range 
from  X-O-i  to  X"  13  A  or  from  100  000  to  1000  volts  has  been 
studied  by  the  crystal  spectrometer.  The  range  of  the  grating 
spectrograph  has  in  recent  years  been  extended  from  over  20  000 
A  to  less  than  200  A,  though  data  are  veiy  incomplete  below 
1300  A.  It  is,  however,  with  this  comparatively  small  range 
from  I300  to  12  A  or  from  10  to  1000  volts  that  all  the  outer 
X-ray  rabits  and  probably  most  of  the  spark  spectra  are  con- 
cerned. No  X-rays  have  been  observed  from  elements  in  the 
first  row  of  the  periodic  table  and  only  the  K  series  in  the  second 
and  third  rows.  It  is  to  be.expected  that  for  the  heavy  d^pents, 
besides  the  observed  K,  L,  and  M  series,  N  and  O  s^dcSib  exist, 
all  falling  in  the  spectral  range  heretofore  inaccessibtej^Q  : 

The  possibiHty  of  measuring  the  potentials  reqnloEtS  to  excite 
these  radiations  and  by  purely  electrical  mewb^tUents  sup- 
planting the  meager  spectroscopic  data  is  su^Mlited  t>y^^  success 
of  various  investigators  in  determimng  r&niksiS^  potiifatials  by 
the  radiation  method.'  In  this  is  ol^^^rved  { ijle:  photoelectric 
effect  of  a  low-pressure  Wehnelt  discharge  "On^et^ttodes  within 
the  same  vacuum  tube  but  electricall^.,shielded  fr^hoth  positive 
and  negative  ions  in  the  arc.  ^Tbevniethod';)Ciffees  a  means  of 
detecting  radiation  shorter  than-.dbout  yyixi.-A,  including  the 
region  to  which  all  materials  afc  opaque.  - . 

An  obvious  difficult  in  imeasuringthe  'X.ta.y.  excitatic«f'i|tt?^. 
tentials  from  a  discharge  ui:.d-%3s.is  that  the  XI>radiatioa.iajn^^-  ' 
posed  on  the  arc  and  sfsaS^ y^iKatia.  This  would; not  be^trueif 
the  sctft  X-rays  wereti)b!taiited>from  solid^'  as. in  the  ordinary 
X-ray  tube.  Nmneips&atteinpts  of  obsery^  in  tibje  past  to  apply 
this  latter  njethod£j*aVe.iteled;  :hoffever,,.ti>  show  .any  convinqiog 
evidence  of  radiatiofi-characteristic  of  the  anode  material.  They 
observed,  app^e^Wy;  ■;^hferal  radiation  starting  at  low  voltage 
and  inafeasvi'gf!gtwit«lHy  .with  ilcreased  potential.  Some  expe.- 
rimenta  •ph>tii&^&atlvdB-oii.TadiatJon.  &om  soUds  were  mare,  suc- 
cessful4s:bri<:l.dta.teiaeni.(rf '.which  is  given  in  the  latter  part  (rf 
this.4)i4)a:.-  ;.^^mible  nitfa.stirface  contamination  of  the  anode, 
toge^ter  nifitLiilihe  requ^sem^ts  of  the  highest  possible  vacuum 
and  seuratcvelinimiil  measurement,  made  the  experiments  very 

■A  tnroCClit  Allien  on  this  ■nlD'uVisuid  Goudwi.  Pby*.  Rev..  10.  p.  loi,  i»i;:  Horlon  ud  Dnirica, 
Pioc.  Roy.  Siii!..  H,  p.  iot,  igior'Hohlec  and  Fboic,  B.  S.  SCL  Pip«  in  igio. 

.  .  '  Tbcuuoa,  }.  J.,  Phil.  If  is.,  W.  p.  taa.  ism;  Laird.  Ann.  d.  Pbyt..  M,  p.  fios.  igiii  L4lrd  ud  Bartoi, 
Hit*.  Rer.,  It,  p.  igT.  i9»;  Duloutkn,  Pby!.  Rev..  14,  p.  im.  i»I9. 
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difficult.  It  was  found  that  in  the  work  with  vapors  and  gases  the 
superpositioD  of  arc  and  spark  radiations  did  not  under  suitable 
conditions  mask  the  higher  radiation  potentials. 

Since  this  work  was  undertaken  other  observes  have  announced 
fairly  definite  evidence  of  characteristic  X  radiation  in  this  inac- 
cessible range.  Hollweck*  has  found  evidence  of  selective  ab- 
sorption of  carbon  for  general  radiation  from  a  solid  anode. 
Kurth*  has  announced  the  measurement  of  the  potential  required 
to  excite  characteristic  X-rays  in  the  range  from  13  to  400  A  fcM- 
five  difierent  elements  used  as  solid  targets. 

Xn  this  cramection  it  should  be  added  that  Millikan  has  found 
some  of  the  longest  X-ray  emission  lines  in  photographs  of  hot 
spark  spectra  with  a  vacuum  grating  spectrograph.* 

No  previous  experiments  have  shown  evidence  of  charactaistic 
soft  X-rays  from  gases.  Whiddington*  showed  that  there  was 
radiation  &om  air  of  a  frequency  range  ccHtesponding  to  100  to 
SCO  volts.  The  results  of  Richardson  and  Bazzoni,*  although 
negative  in  this  respect,  are  interesting  because  of  the  method 
used.  They  measured  the  maximum  frequency  radiated  in  a 
low-pressure  arc  by  observing  the  itinviTniiTn  velocity  attained 
by  photoelectrons  excited  by  this  radiation.  The  velocity  was 
measured  by  the  curvature  of  the  electron  paths  in  a  mag- 
netic field  and  the  frequency  was  computed  from  the  Einstein 
equation.  No  radiation  of  frequency  higher  than  the  limit  of 
the  arc  spectrum  was  found  but  the  method  lacked  sensitivity. 
This  at  least  suggests  the  possibility  of  not  only  measuring  the 
potentials  required  to  exdte  soft  X-rays  but  of  estimatii^  the 
frequency  emitted  as  well,  by  purely  electrical  methods. 

In  the  present  work  the  identification  of  the  critical  potentials 
observed  as  due  to  X-ray  excitation  rests  on  the  agreement  of 
observed  values  with  the  limits  computed  from  X-ray  data. 

n.  APPARATUS  AITD  METHODS 

Pig.  I  shows  diagrammatically  the  arrangement  fA  electrodes 
and  electrical  connections  used  to  measure  the  radiation  from  arcs 
in  gases.  The  electrodes  BCD  are  concentric  cylinders  surround- 
ing the  hot  wire  cathode  A.  The  electron  current  is  maintained 
by  a  potential  V  betw^fn  A  and  B  and  the  radiation  resulting 

<  AbMnet,  Fhyi.  Rrr.,  It,  i».  sit,  1911;  alio  papa  n 
•  Puperraulbclare  Nat.  AcwLSii.  April,  n       "^ 
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from  electron  collisions  witli  the  gas  gives  rise  to  a  photoelectric 
current  between  C  and  D.  It  is  essential  that  the  electrons  from 
the  cathode  actually  acquire  a  velocity  equivalent  to  the  potential 
V  and  this  is  not  in  general  the  case  with  a  current  between  two 
electrodes  in  a  gas,  on  account  of  the  loss  of  velocity  when  electrons 
collide  with  gas  molecules.  To  insure  the  electrons  receiving  their 
full  velocity,  the  grid  B  was  mounted  as  closely  as  possible  to  the 
cathode  and  the  gas  pressure  adjusted  so  low  that  nearly  all  col> 
Usions  occurred  in  the  space  beyond  the  grid.  This  is  a  precaution 
of  fundamental  importance  in  any  experiments  involving  the  effect 
of  potential  on  discharge  through  gases. 

The  shielding  of  the  outer  electrode  is  accomplished  as  follows: 
Consider  the  catbode  at  o  potential  and  the  grid  B  at  +V.  The 
outer  grid,  which  almost  completely  incloses  Uie  inner  one,  is  kept 
at  a  potential  -  V„  thus  preventing  electrons  from  reaching  it. 
Positive  ions  will  pass  through  but  can  not  reach  the  outer  plate  D 
when  maintained  at  a  potential  H-V,  greater  than  the  highest 
value  of  V  used.  The  potential  difference  V,  +  V,  between  C  and  D 
draws  photoelectrons  emitted  from  the  outer  grid  to  the  plate. 

Various  evident  means  of  testing  the  complete  shielding  of  the 
outer  electrode  were  frequently  applied.  For  example,  the  radia- 
tion current  will  approach  zero  at  low  pressure  while  a  stray  elec- 
tron current  around  C  will  not.  Again,  a  stray  current  from  the 
arc  will  change  rapidly  with  the  potential  of  C,  while  this  has  little 
effect  on  the  radiation  current. 

There  are  several  connections  possible  for  measuring  the  ioni- 
zation. The  method  most  used  was  to  put  both  the  outer  grid 
and  plate  at  -  V^  and  measure  the  positive  current  reaching  them. 
The  photoelectric  current  from  the  plate  is  superposed  on  the  icm 
current,  but  as  radiation  currents  were  usually  about  one-hun- 
dredth as  large  as  the  positive  currents  this  factor  is  negligible. 
The  vacuum  tubes  were  similar  in  design  to  those  used  previously 
in  studying  resonance  potentials  in  gases  and  vapors.*  For  work 
with  the  vapors  of  sodium,  potassium,  magnesium,  phosphorus, 
and  sulphur  tubes  of  the  following  type  were  employed ; 

The  electiodes  were  suspended  from  a  water-cooled  metal  top 
into  a  Pyrex  glass  tube  about  7  cm  in  diameter  and  40  cm  long, 
closed  at  the  bottom.  The  substance  to  be  boiled  was  placed  in 
the  bottom  of  the  tube  and  heated  by  am  electric  furnace.  Care 
was  taken  in  the  suspension  of  the  electrodes  that  they  did  not 
touch  the  hot  glass  walls  and  that  the  glass  insulation  in  the  top 


•  Uoblcr  and  PiMte.  B.  8.  S< 
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fiaiit  was  shielded  by  outer  tubes  from  the  Mmdeiisuig  vapor. 
Electrodes  of  sheet  nickel  and  fine  platmum  gauze  were  used  for 
these  idements  except  magnesium,  for  which  nickel  gauze  was  em- 
ployed. The  outer  grid  was  a  cylinder  of  sheet  nickel,  closed  at 
the  bottom,  with  a  zone  of  jdatmum  gauze  in  the  side.  Cathodes 
were  <rf  oxide-coated  platinum  strips  or  of  bare  tungsten  wire. 
The  vapcar  density  was  controlled  by  varying  the  temperature  <rf 
a  furnace  or,  in  the  case  of  phosphorus,  a  water  bath  around  the 
bottom  of  the  vacuum  tube. 

The  tube  used  for  the  carbon  compounds  and  air  was  much 
smaller,  about  4  cm  in  diameter,  with  electrodes  smaller  in  pro- 
portion uid  all  of  platinum.  The  tube  was  of  Pyrex  glass  with 
tungsten  seals.  Cathodes  were  either  of  tungsten  or  oxide-coated 
platinum.  Gases  were  usually  streamed  through  the  tube  through 
a  plug  of  plaster  of  Paris.  The  flow  was  varied  by  changing  the 
pressure  on  the  high-pressure  side  of  the  plug.  I^quid-air  trt^ 
on  each  side  of  the  discharge  tube  condensed  all  vapors.  CC1«, 
however,  was  streamed  through  the  tube  from  a  c<mtainer  at 
about  —  70**  C  on  one  side  to  a  tr^  in  liquid  air  on  the  pump  side. 
The  temperature  controlling  the  vapor  pressure  was  maintained 
by  a  bath  of  petroleum  ether  with  oiough  CCI4  in  it  to  make  a 
aluah  at  about  —60°  C. 

Several  mercury-vapor  pun^>5  in  series  maintained  the  vacuimi, 
and  pressures  were  read  on  a  McZ^eod  gage  sensitive  to  slightly 
less  than  0.0001  mm  of  mercury.  The  electrical  connections  are 
shown  in  Pig.  i.  The  battery  B^,  which  suppli«l  the  arc  current, 
was  always  made  somewhat  larger  than  the  potential  range  to  be 
studied.  It  is  seen  from  the  disLgram  how  the  plate  is  maintained 
at  a  constant  potential  +  V,  greater  than  V  by  the  same  battery. 
The  retarding  field  maintained  by  B,  was  usually  about  10  volts. 
The  potential  V  across  the  arc  was  measured  by  a  voltmeter  with 
a  1 50- volt  scale  and  the  range  increased  as  desired  by  calibrated 
series  resistances.  The  current  from  the  cathode,  usually  about 
I  milliampere,  was  measured  by  a  microammeter  with  a  shunt 
resistance  to  regulate  its  sensitivity.  The  current  to  the  outer 
plate  was  measured  by  a  galvanometer,  the  sensitivity  of  which 
was  likewise  reduced  by  a  shunt.  It  is  interesting  to  note  that  we 
found  the  limit  of  sensitivity  lO"""  amperes  ample  for  all  the  wcwk 
on  gases  and  vapors. 

In  taking  readings,  for  each  setting  of  the  voltage  V  the  photo- 
electric current  and  also  the  current  from  the  cathode  were  meas- 
ured. The  photoelectric  current  was  then  divided  by  the  cathode 
64891°— 22 — 2 
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current  and  this  ratio  plotted  against  tiw  potential  V.  As  the 
radiation  intensity  is  i»x>portional  to  the  cathode  current  for  any 
one  potential,  this  ratio  eliminates  tbs.  different  characteristics  oi 
the  cathode  emission  under  changing  conditions,  and  hence  dow 
vaiiations  during  a  series  of  readings  will  not  modify  the  icstdts 
obtained.  It  happens  that  the  resulting  curves  show  nearly  a 
straight-line  relation  between  the  photoelectric  effect  and  the 
potential  across  the  arc,  with  a  change  in  slope  occurring  at  critical 
potentials.  The  accuracy  of  this  straight-line  relation  was  well 
shown  in  some  curves  obtained  in  potassium.  The  points  fall 
on  a  straight  line  from  23  to  140  volts,  with  no  deviatitm  greater 
than  the  probable  experimental  error  of  about  2  per  cent.  The 
ph}rsical  significance  of  this  jMDperty  is  not  evident,  for  many  fac- 
tors enter,  and  the  linear  relationship  is  im4>ably  only  an  apprDxi- 
mation.  The  usefulness  of  the  relation  in  measuring  critical 
potentiab  is,  however,  apparent  as  the  critical  points  are  the 
intersectioas  of  straight  lines.  ' 

For  an  accurate  determination  of  critical  potentials  it  is  necessary 
to  know  the  correction  term  to  be  added  to  the  applied  vintage 
to  give  the  effective  potential  through  which  electrons  fall.  This 
initial  potential  correction  due  to  the  resultant  effects  of  potential 
drop  along  the  cathode,  contact  difference  in  potential  and  tem- 
perature distribution  of  velocities  of  emitted  electrons  is  usually 
of  the  order  of  ±1  volt.  The  correction  was  found  from  the 
difference  between  the  observed  potential  at  which  ionization 
began  and  the  value  of  the  ionization  potentials  as  given  in  pre- 
vious publications  (rf  the  authors.  As  an  accuracy  of  i  volt  was 
all  that  was  obtainable,  no  great  precision  was  required  in  apfdying 
such  corrections.  For  tiie  measurements  at  high  voltage  the  only 
correction  made  was  for  the  voltage  drop  across  the  cathode  ■vrtiere 
this  was  large. 

m.  SBSULTS 

The  following  pages  give  results  obtained  for  critical  radiating 
potentials  in  11  elements  and  compounds.  Figs.  2  to  7  give 
typical  curves  and  the  accompanying  tables  the  conditions  of 
measurement  and  other  remarks  on  the  curves  illustrated.  An 
analysis  of  all  the  ciuves  obtained  which  showed  inflections  suit- 
able  for  measurement  is  also  included.  Particular  care  was 
required  in  some  cases  to  secure  conditions  which  gave  definite 
inflections,  and  often  many  useless  curves  were  taken  before  these 
conditions  were  found.  Potential  current  readings  were  more  or 
less  limited  to  a  range  around  the  predicted  potential  necessary 
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for  X-ray  exeitaUou.  Thtis  it  has  happened  in  some  instances 
that  racUation  potentials  at  lower  voltages  have  been  passed  over 
entirely  or  only  approximately  located. 

As  X-ray  excitation  requires  ionization  of  the  atom,  critical 
potentials  should  be  indicated  by  an  increase  in  the  positive  cur- 
rent a$  wdl  as  radiation.  Caieful  measurements  of  iotiization 
currents  were  made  in  sodium  and  potassium  and  under  certain 
conditions  the  {n-edJcted  effect  was  found  as  shown  in  some  of  the 
accompanying  curves.  This  measurement  proved  more  diflScult 
than  the  radiation  method,  as  the  ciures  wer6  never  straight  lines, 
so  that  in  other  elements  ionization  curves  were  taken  only  at  low 
voltage  to  measure  llie  initial  potential  correction. 

In  the  statement  of  the  mean  result  of  observations  the  aven^^ 
precision  of  the  observed  points  is  given.  This  is  doubtiess 
always  less  than  the  probable  error,  but  cases  where  systematic 
errors  are  suspected  are  noted.  In  several  instances  t^cre  uni- 
formity of  data  permitted  we  have  taken  a  number  of  series  of 
readings,  averaged  them,  and  then  drawn  a  curve  through  the 
mean  points.  This  gives  a  check  on  the  mean  of  separate  series 
of  readings  and  at  least  to  two  cases  shows  that  what  appeared 
to  be  one  inflection  in  the  separate  curves  was  actually  two,  one 
of  which  was  iamt.  As  a  result  the  mean  of  separate  curves  gave 
an  inflection  which  did  not  t^ree  in  position  with  either  of  the 
inflections  in  the  mean  curve  but  was  between  the  two  and  closer 
to  the  stronger,  as  should  be  expected. 

I.  POTASSIUK 

The  radiation  potentials  in  potassium  above  the  first  ionization 
point  are  shown  more  strikingly  than  in  any  other  element. 
There  is  a  strong  inflection  at  ,23  volts  and  with  higher  vapor 
pressures  a  fainter  inflection  at  19  volts.  Measurements  to  140 
volts  show  no  points  above  23.  The  pronounced  change  in  slope 
does  not  necessarily  indicate  that  the  radiation  above  23  volts  is 
intense  compared  to  the  arc  radiation,  but  is  probably  due  to 
the  fact  that  the  arc  radiation,  with  its  high  frequency  limit  at 
X=28s7,  is  very  ineffective  in  producing  photoelectrons  from 
platinum.  The  photoelectric  current  measures  intensity  only 
when  the  spectral  distribution  of  energy  is  unchanged,  so  that 
the  change  in  slope  at  critical  potentiab  is  not  simply  related  to 
the  change  in  intensity.  As  two  separate  inflections  were  found 
in  only  6  of  the  15  curves  considered,  it  is  probable  tiiat  the  singly 
observed  point  at  33.3  volts  was  in  some  cases  due  to  the  overlap- 
ping effect  of  the  two  and  the  mean  value  for  the  upper  point  is 
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accordingly  too  low.  This  may  account  for  the  rather  large 
mean  error  in  determining  an  apparently  very  sharp  point  of 
inflectioD,  as  shown  in  Table  i. 
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Higher  radiation  potentials  in  sodium  were  not  as  marked  as 
with  potassimn.  They  af^ieared  sharper  as  the  vapor  density 
was  increased,  but  then  the  cnrrents  became  misteady.  Some 
curves  at  higher  temperature  show  a  mailced  curvataire  concave 
to  the  voltage  axis  instead  of  a  strai^t  line.  It  required  long 
pumping  to  elimvate  the  gas  evolved,  and  the  inflection  at  17 
volts  was  at  first  ascribed  to  molecular  hydrogen,  which  ionizes 
at  16  volts.  It  did  not  disappear,  however,  as  the  vacuum  im- 
proved even  after  several  days  c^  heating,  with  the  puifips  running. 
Other  evidence  wiU  be  given  later  that  this  may  be  a  sodium  point. 


TABLB  2. 
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The  vapor  pressure  required  to  show  higher  critical  potentials 
in  magnesium  necessitated  a  temperature  of  about  600"  C,  and 
the  thermionic  leak  from  the  hot  electrodes  limited  the  precision. 


Fio.  3, 


lodium;  ionitation  atid  radiatio* 


The  results  appear  more  precise,  however,  than  with  soiliuffl. 
The  marked  curvature  between  10  and  25  volts  is  imdoubtedly 
due  to  double  ionization,     llieory*  indicates  that  23.6  volts  are 
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required  to  eject  both  electrons  from  a  neutral  atom  and  14.95 
volts  to  eject  the  seccmd  electron  &om  a  singly  ionized  atom. 
Conditions  were  not  {artxable  for  the  measurement  of  these  points. 
There  may  be  a  considerable  systematic  error  in  the  33-7011  point, 
as  the  interval  in  readtt^  beknr  30  volts  was  too  large.  The 
existence  of  this  infleotion  was  not  suspected  until  all  the  data 
had  been  obtained.  I 
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Flo.  4. — RadiaHon-vollagt  curvtt  in  mo^nwitm 
TABU  3.— HagMslum  CmTM  In  Pig.  4 
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4.  PHOSPHORUS 
Results  were  obtained  with  yellow  phospboms  at  temperatures 
below  50*  C.  Currents  were  very  steady  and  results  at  least  for 
the  126-volt  point  fell  in  a  sanall  voltage  range.  Critical  poten- 
tials at  lower  voltages  were  evident  in  some  curves,  but  meaaiic* 
ments  were  largely  Utnited  to  a  range  above  80  volts.  Polyvalent 
atoms  must  have  many  radiation  potentials  due  to  miill^k 

ionization.  

5.  SnLPHDK 

Measurements  in  sulphur  were  difficult.  The  currents  were 
unsteady  at  the  temperatures  required  to  give  sharp  inflections 
in  the  curves. 

The  vapor  pressures  must  have  been  much  h^her  than  those 
used  in  most  of  the  other  work.  The  results  are  summarized 
under  Table  4. 

0.  MKBOH  COKPOUnDS 

These  and  the  following  substances  were  used  in  the  second 
type  of  vacuum  tube  described.  The  gases  CO  and  CO,  were 
usually  kept  stagnant  in  the  tube  dtuing  measiu^ments  but  the 
gas  was  renewed  between  each  series.  CCli  was  streamed  through 
the  discharge  chamber  from  a  tube  at  the  temperature  given  in 
Table  5.  Data  are  not  available  for  the  vapor  pressures  corre- 
sponding to  these  temperatures.  C,H,  and  the  other  gases  were 
streamed  through  a  porous  plug.  In  the  case  of  the  carbon  com- 
pounds we  were  interested  in  a  higher  voltage  range  than  in  the 
foregoing  elements.  Consequently  the  field  between  the  elec- 
trodes was  so  high  that  sparking  took  place  under  some  conditions. 
CjHa  was  most  troublesome  in  this  respect  and  measurements 
could  be  made  only  at  low  pressures.  The  resulting  cmves  were 
least  satisfactory  of  those  obtained  in  carbon  compounds.  Ncme 
were  suitable  for  reproduction,  but  inflections  were  measurable  on 
some  and  the  results  are  tabulated.  CO  and  CCI4  also  showed  a 
tendency  to  spark  when  the  pressiue  was  too  high.  The  CO 
measurements  showed  rather  unsteady  currents,  but  sharp  inflec- 
tions, while  the  CO,  measurements  were  most  steady,  but  inflec- 
tions were  less  pronounced.  CQ^  showed  inflections  ascribed  to 
chlorine  as  well  as  to  carlxm,  but  in  all  other  cases  the  inflections 
seem  to  be  at  the  same  ptrints.  Apparently  they  are  due  to  radia- 
tion from  carbon  atoms.  Only  a  few  measurements  were  made 
in  a  low-voltage  range.     The  75  volts  inflection  is  sharp. 
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TABLE  5.— Carboa  Compoimds  In  Vlg. 
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7.  AIR 

The  study  of  air  was  for  the  purpose  of  measuring  critical 
potentials  of  nitn^en.  With  the  voltages  used,  sparking  is 
avcnded  only  by  keeping  llie  pressure  low.  In  spite  of  the  pressure 
being  so  low  it  was  possible  to  find  conditions  that  gave  very 
definite  inflections  in  the  curves. 


280  300  MO  MO  360  TOO  400 

Vott4  occslerotlng. 
Pio.  7. — Radiation-voUagt  CHTvti  in  air  {ioTotr  scale)  and  oxygen  {itpptr  icab) 
TABLE  6.— Ail  and  QiffBa  Cuires  In  FI^.  7 
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Very  low  pressures  were  necessitated  to  avoid  sparking.  The 
results  here  given  are  only  preliminary  and  are  subject  to  con- 
siderable error  because  of  the  few  curves  taken.     (See  Table  6.) 

Table  7  gives  a  summary  of  the  observed  critical  potentials  and 
the  wave  lengths  computed  from  these.  Fractions  of  volts  liave 
been  omitted  throughout,  as  they  are  of  doubtful  significance. 
The  errors  given  are  the  mean  errors  in  round  numbers.  Where 
none  is  given,  the  mean  error  has  been  judged  too  small  because 
of  systematic  error  or  insufficient  data.  All  values  are  probably 
subject  to  enror  of  less  than  5  volts. 


IV.  IITTERPKETATION  OF  RESULTS 

The  following  section  identifies  most  of  the  observed  points 
with  X-ray  series.  Other  potentials  unrelated  to  X-ray  series 
may  be  expected  on  account  of  multiple  ionization.  In  none  of 
these  polyvalent  elements  except  magnesium  is  there  at  the 
jMCsent  time  means  for  predicting  such  critical  potentials. 

We  here  use  the  term  X-ray  to  denote  radiation  from  any  ring 
except  the  outer  valence  ring.  In  the  case  of  monovalent  alkaH 
metals  critical  potentials  above  the  first  ionization  points  are 
accordingly  due  to  ejection  of  electrons  from  X-ray  rings  and  are 
proportional  to  the  limiting  frequency  of  X-ray  series.  Recent 
theories  of  atomic  structure  generally  assume  that  the  elements  in 
the  first  row  of  the  periodic  table  have  two  electron  levels,  in  the 
second  row  three  electron  levels,  in  the  third  and  fourth  rows  four 
electron  levels,  etc.,  corresponding  to  the  series  2,  8, 8, 18, 18, 33  in 
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wift-ritniini  number  of  electrons  for  each  level.  In  the  simple  Bohr 
theory  these  levels  may  represent  cofianai  orbits,  in  more  ex- 
tended theories  groups  of  crossed  elliptical  ra-bits,  in  the  Lewis- 
Langmuir  theory  shells.  Hence  the  X-ray  spectra  of  the  first  row 
of  elements  should  show  cmly  the  K  series,  ^e  second  row  K  and 
L  series,  the  third  and  fourth  rows  K,  L,  and  M  series,  etc. 
The  fact  that  there  are  several  L  and  M  series  is  explained  in 
part  by  Sommerfeld  as  due  to  the  cTdstence  of  quantized  orbits 
of  slightly  different  energy  value. 

The  radiation  potentials  here  observed  in  sodium  and  potassium 
may  be  accordingly  ascribed  to  the  L  and  M  series,  respectively. 
It  is  possible  to  compute  from  X-ray  data  the  L  series  limits  for 
elements  in  the  second  row  from  magnesium  to  chlorine,  using  the 
Kossel  relation"  employed  by  Duane  and  Shiraizu: 

where  La,  is  the  frequency  of  the  principle  L  absorption  limit, 
Ka  the  K  limit,  and  Ka^  the  strongest  K  emission  line.  This 
relation  corresponds  to  the  combination  law  of  line  spectra  in  the 
visible  and  idtra-violet,  and  it  is  safe  to  assume  that  it  holds 
throu^out  the  entire  spectral  range.  Table  8,  column  4,  gives  the 
wave  lengths  thus  computed  for  the  elements  of  the  second  row 
and  the  corresponding  potentials.  Hie  observed  potentials  are 
seen  to  be  in  fair  agreement.  There  is  an  experimental  error  in 
the  points  computed  from  X-ray  data  comparable  to  that  in  the 
observed  potentials  because  La  is  the  difference  of  two  frequencies 
of  the  same  magnitude.  The  per  cent  error  in  the  X-ray  measure- 
ments is  multiplied  about  twentyfold  in  the  resulting  La  value. 

TABIB  8.— L  Limits 
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A  characteristic  property  of  X-rays  is  the  Mosely  law,  that  the 
square  root  of  the  frequency  of  correspMidii^  X-ray  lines  or 
limits  when  plotted  against  the  atomic  number  gives  approxi- 
mately a  straight  line.  The  results  for  the  La  limit  are  so  plotted 
in  Fig.  8,  upper  curve.  The  solid  points  are  computed  from  X-ray 
data,  the  circles  from  observed  potentials.     The  difference  between 


12  14 

Atomic  Number. 

PiO.  S.—Th*  L-Mfin  KmHtfor  ligki  tUmmti 

the  observed  sodium  point  and  the  extrapolated  straight  line  is 
greater  than  the  probable  oror. 

That  there  is  an  actual  deviatitm  from  Mosely's  law  is  confirmed 
by  the  results  announced  by  Millilcan  from  measurements  of  the 
extreme  ultra-violet  spectrum  of  sodium.  He  finds  two  isolated 
lines  at  X=372  and  376  A  which  are  probably  the  doublet 
Lai  and  Lof.    The  line  372  A  coiresponds  to  a  potential  of  33.2 
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Tolts,  and  the  L  Umit  is,  of  course,  hi^er  than  this.  The  La  lines 
mtist  be  due  to  tlu  valence  electron  falling  into  the  L  ring  vrith  an 
energy  loss  of  33  volts.  Ejection  of  the  L  electron  must  require 
33  +  5  ~38  volts.  Our  observed  value  of  35  volts  is  thus  probably 
too  low  rather  than  too  high. 

The  deviation  of  the  observed  sulphur  point  is  large,  but  the 
conditions  for  measuring  this  potential  were  unsatisfactory.  The 
stnti^t  line  between  the  other  points  is,  witliin  the  estimated 
precision  of  the  method,  coincident  with  the  best  line  through 
computed  points. 

We  have  included  in  this  plot  the  observed  first  ionization 
potential  of  neon"  at  16.7  volts,  which  falls  exactly  on  the  L-limit 
line.  A  similar  relation  has  been  pointed  out  by  Kossel,"  but  he 
has  computed  the  La  lines  and  used  the  neon  fxmit  observed  by 
Franck  and  Hertz  at  16  volts,  assuming  this  to  be  the  first  reso- 
nance potential. 

In  each  of  the  elements  of  the  second  row  a  lower,  relatively 
faint  critical  potoitial  was  also  observed.  These  points  plotted 
on  the  Mosely  scale  (lower  line  in  Fig.  8)  fall  on  a  straight  line 
nearly  parallel  to  the  L^  line.  The  determination  of  these  latter 
potentials  was  subject  to  larger  errors,  and  the  origin  of  the  sodium 
point  is  doubtful,  but  the  combined  results  seem  significant.  It 
is  possible  to  compute  from  X-ray  data  a  line  nearly  coincident 
with  this.  In  these  light  elements  alone  a  group  of  lines  Ka,, 
Kat,  Kot,  and  Ka^  have  been  observed.  The  frequencies  La^  - 
Ka—Ka^  have  been  computed  and  are  plotted  as  dots  on  the 
lower  curve  of  Fig.  8.  Table  8,  right  side,  gives  the  computed 
wave  lengths  and  potentials,  as  well  as  the  observed  points.  Hie 
frequencies  La^  and  Z^^  fall  closely  together  and  about  midway 
between  the  two  lines  drawn.  The  iio-volt  point  for  phosphorus 
may  be  La^  1.  The  computed  interval  La, ,  —La^  is  15  volts  and 
the  observed  interval  126-110  =  16  volts.  In  fact,  we  should 
expect  a  group  of  limits  La,,  La,  ....  La,,  of  which  the  first  two 
are  predominant.  The  pairs  i  and  2,  3  and  4,  and  5  and  6 
are  unresotvable.  The  exi^ptionally  smooth  phosphorus  ctirves 
showed  three  separate  inflections,  which  is  entirely  in  accord  with 
the  above  prediction.  For  the  other  elements  the  greater  experi- 
mental errors  may  explain  the  failure  to  resolve  the  inflection  due 
toLOfc,. 

>i  HortOB  and  DirlOk  Pfoc  SUrr-  Sue.,  M,  p.  im:  >V»- 
BPnmdatadSk^nlmaiidHMinut.MflTCnbrDwm,  BnlLK.  tt-C,  I  .p.)S]:i>*a. 
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The  critical  potentials  of  caibon  at  273,  air  374,  and  oxygen  478 
volts  can  be  safely  ascribed  to  the  j^-series  limits  for  carbon, 
nitrogen,  and  oxygen.  The  evidence  for  this  lies  in  part  in  the  fact 
that  the  square  root  of  the  computed  frequency  plotted  against 
atomic  numbers  is  a  straight  line,  as  shown  in  Pig.  9.  This  line 
intersects  the  limiting  frequency  for  helium  computed  from  its 
ionization  potential,  25.6  voits,^*  a  relation  analogous  to  that  of 
neon  in  the  L  series.  The  other  line  in  Fig.  9  is  extrapolated  from 
the  K-series  limits  observed  for  magnesiuni  and  higher  elements. 
The  experimental  points  for  nitrogen  and  oxygen  fall  close  to  this 
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Atomic  Nunber. 
•t  limiUfor  oorboM,  nibogtn,  and  oxygen 


line,  but  the  slope  given  by  the  three  observed  points  is  evidently 
much  less.  This  indicates  that  there  must  be  a  bend  in  the  K 
line  between  oxygen  and  magnesium. 

Kurth"  has  detected  critical  potentials  for  radiation  from 
solid  carbon  and  oxides  at  X  =  43.6  and  23.8  A,  respectivdy. 
The  corresponding  values  here  found  are  45.4  and  25.9.  The 
agreement  is  fair.  Hollweck"  has  estimated  the  K  limit  of  carbon 
from  the  absorption  of  thin  cellulose  films  for  radiation  from  a  solid 
anode.  He  gives  300  volts  or  41  A,  but  this  experiment  was  sub- 
it  Hofton  and  J>Kwit*.  Phil.  Ubs.  ■>.  0-  jsul  ig»- 
■•Locdt. 
■•C.  t).,  ni,p.uB:  ijHi. 
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ject  to  much  greater  error  than  our  critical  potential  measure- 
ments. 

The  two  potassium  points  observed  at  19  and  23  volts  have 
been  ascribed  to  the  M  series.  It  is  impossible  to  extrapolate 
this  series  with  any  certainty.    The  relation 

gives  deviations  in  Ma  of  the  same  order  as  its  magnitude.  All 
we  can  conclude  is  that  the  observed  potentials  are  of  the  proper 
magnitude.  It  is  evident  that  the  M-series  line  through  19  volts 
will  fall  close  to  the  ionization  potential  of  argon  at  15  volts,  in 
anal<%ous  relation  to  the  helium  terminus  for  the  K  line  and  the 
neon  terminus  for  the  L  line. 

V.  SOFT  Z-RAT6  FROM  SOLmS 

The  following  description  of  some  work  on  the  radiation  from 
solids  at  low  voltages  is  included  on  account  of  its  significance  in 
connection  with  the  wc»-k  with  gases:  A  four-electrode  tube, 
designed  somewhat  like  that  shown  in  Fig.  i ,  was  used.  The  inner 
grid  or  target  was  an  open  spiral  closed  at  the  bottom  by  a  rod 
of  the  same  diameter  about  5  mm  below  the  cathode.  The  outer 
and  inner  grids  were  mounted  closely  together  and  the  plate  was 
shielded  from  ions  in  the  residual  gas  by  the  same  method  as 
before.  The  open-grid  part  of  the  anode  served  to  shield  the  cath- 
ode from  the  retarding  field,  so  that  the  cathode  ciurent  in  high 
vacuum  approached  saturation  at  low  voltage.  The  small  outer 
grid  confined  the  discharge  in  the  residual  gas  to  a  small  volume 
and  so  reduced  the  amount  of  rjidiation  from  gases. 

Particular  care  was  taken  to  secure  the  best  vacuum  conditi<ms. 
A  liquid-air  trap  was  mounted  between  the  pumps  and  vacuum 
tube,  all  closely  connected  by  large  tubing,'and  the  apparatus  was 
subjected  to  long  baking  at  500°  C.  Pressures  were  far  below 
the  limit  of  the  McLeod  gage  (0.0001  mm.) .  The  tube  used  as  an 
ionization  gage  gave  sensitive  indications  of  pressure.  Under  the 
best  conditions  the  radiation  voltage  curves  showed  no  measur- 
able radiation  until  a  critical  voltage  was  reached,  at  which  point 
the  ciurent  increased  sharply.  With  cathode  currents  of  over 
10  nulfiamperes  the  radiation  currents  were  measurable  only  with 
full  galvanometer  sensitivity  (icr'»  amperes). 

Fig.  10  shows  some  results.  Curves  i  to  7  were  obtained  with 
a  niclcel  anodft.  Some  indicated  no  measurable  current  to  80 
volts  and  at  this  point  a  definite  break.     Ciu^e  2  shows  a  small 
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current  below  So  volts,  which  is  probably  due  to  gas.  Curves  5, 
6,  and  7,  however,  show  a  definite  break  at  60  volts  instead  of  80. 
Previously  to  obtaining  curve  5,  the  cathode  temperature  had 
been  increased.  At  the  end  of  the  experiment  it  was  found  that  the 
anode  was  coated  with  tungsten  or  some  substance  distilled  from 
the  tungsten  cathode.  Apparently  it  was  the  radiation  from 
this  coating  that  was  observed  in  the  latter  part  of  the  experi- 
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Fio.  10. — Radiation  from  toUdt;  nicktl  and  tenprtm 

ment.  Curve  8,  obtained  with  an  iron  anode,  gives  practically 
identical  results  as  5,  6,  and  7  and  probably  for  the  same  reason. 
The  sharpness  of  inflections  sometimes  obtained  with  nickel  indi- 
cates the  possibilities  of  the  method.  The  80-VQlt  point  is  prob- 
ably the  M-series  limit.  The  6o-volt  point  can  not  be  safely 
ascribed  to  tungsten,  as  some  other  distilled  impurity  may  be 
lu-esent,  for  example,  thorium. 
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Expaiments  were  cairied  out  with  a  number  of  metals,  but  the 
uncertainty  due  to  surface  contamination  and  difficulty  in  re- 
moving residual  gas  make  the  results  of  questionable  value. 
Aiuminum  showed  an  inflection  near  70  volts  (probably  the  L 
limit) ,  but  there  was  alwajrs  evidence  of  gas  radiation  starting  at 
low  voltage,  and  the  point  could  not  be  accurately  located. 

The  result,  that  under  the  best  vacuum  conditions  there  was 
no  measurable  radiation  below  the  first  critical  potential,  should 
be  checked  by  more  sensitive  current  measurements,  as  it  is  con- 
trary to  the  work  of  Kurth,  who  always  found  general  radiation 
starting  at  low  voltage,  as  well  as  characteristic  inflections. 

The  feebleness  of  the  radiation  from  solids  in  comparison  with 
that  from  gases  fffedudes  the  possibility  that  the  points  observed 
in  gases  were  due  to  X  radiation  from  the  inner  grid. 

VT.  CONCLUSIONS 

The  present  work  was  undertaken  largely  to  measure  the  K 
and  L  limits  for  light  elements.  The  L  series  is  most  satisfactory 
as  a  starting  point,  since  the  limits  may  be  computed  and  results 
checked.  Some  general  remarks  on  oth^  aspects  of  the  work 
follow.  The  elements  of  higher  valence  show  evidence  of  many 
critical  potentials  other  than  X-ray  limits,  but  these  are  all  rela- 
tively faint.  Apparently  under  the  present  conditions  of  meas- 
urement collisions  giving  multiple  ionization  were  less  probable 
than  collisions  ejecting  one  electron  from  an  X-ray  ring.  There 
is  evidently  quite  a  marked  difference  in  the  probability  of  X-ray 
excitation  in  different  gases.  All  these  considerations  of  relative 
intensity  are,  of  course,  uncertain  because  of  the  unknown  photo- 
electric sensitivity  in  this  spectral  region.  But  certainly  the  L 
radiation  of  sodium  is  less  intense  than  the  M  radiation  of  potas- 
sium. The  L  radiation  of  sulphur  is  likewise  relatively  weak. 
Similarly  marked  differences  are  observed  in  the  range  of  X-ray 
spectral  measurements. 

Comparison  of  the  results  from  four  different  carbon  com- 
pounds is  also  of  interest.  Some  atomic  theories  indicate  that 
X-rays  of  the  same  element  in  different  compounds  should  be  of 
different  wave  lengths.  All  four  compounds  give  the  same  value 
for  the  272-volt  pwnt  within  experimental  error  of  2  volts,  or 
about  0.3  of  an  AngstrOm  unit.  It  is  noteworthy  that  all  the 
points  except  the  two  ascribed  to  chlorine  are  shown  in  all  the 
compounds  and  therefore  must  be  due  to  carbon  atoms. 
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Some  of  the  results  here  given  are  tmly  preliminary.  The 
determination  of  the  beginning  of  the  K  scries  is  fundamental  to 
atomic  theories,  and  measurements  with  the  U^t  elements  wiH 
be  carried  further.  The  extensions  of  the  method  to  the  M  series 
and  to  a  search  for  N  and  O  series  in  heavy  elements  is  also  impor- 
tant. '  It  is  seen  from  tbs  results  with  gases  that  a  precision  <rf 
better  than  i  per  cent  was  in  some  cases  (Stained  in  the  potential 
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THERMAL  EXPANSION  OF  NICKEL.  MONEL  METAL, 
STELUTE,  STAINLESS  STEEL  AND  ALUMINUM 


DaU  on  the  tlunnal  expansioii  of  99  ncuplei  of  oonunerdal  nickel,  monel  metal, 
ilellite,  stahileflB  steel,  and  exceptknuDT  pure  ■Inimniui]  arc  pRaented.  The 
a|>pantiBaMdifM«MeittkUr  the  Mine  i«  that  dwcfibed  in  Scustific  P^xrof  the 
BnrcBu  of  SUndarda,  No.  353. 

ComaKiAi.  Nkkou— A  iligbt  in«fiilaritr  waa  perceptible  near  350'  C,  but  there 
mn  no  loarked  change  or  anmnatom  expanHon  mich  a*  <ma  obaerved  by  previona 
iavotigaton  in  the  caas  of  ptve  nlckd. 

UONBL  Hkul.— Hm  fjqiMiAtn  carrca  of  nxmel  netal  vrere  found  to  be  fairlr  regn* 
lar.  The  average  coef&denta  of  exp«naoji  tA  the  variooa  aamplei  (contuninj;  ftom 
00  to  ^  per  cent  nickel)  are  all  pncticalty  equal  for  the  range  from  ij  to  300°  C. 

Stsujtb.— The  expan^n  curvea  ihow  inegnbritles  in  the  fegkm  between  300 
and  5o»°  C.  A  hammered  atelUte  was  found  to  have  nnaUer  oocfBdenti  of  expoaaion 
than  an  xmhanunered  sample  of  corresponding  compoation, 

Stainlsss  Stsbl.— The  coefficients  of  expansion  of  the  annealed  and  the  hardened 
sample  of  stainless  steel  are  less  than  the  eoeflicient*  of  ordinary  iron  or  steel,  frtnch  it 
pmbably  due  to  tl>e  larfc  amount  of  chKHulnm.  On  heating,  both  nnmpjoii  indicated 
criticali'egionawhichexteaidedtnMn  approximately  8^5  to  approximately  855°  C.  The 
transformation  point  on  cooling  occumed  at  about  800°  C. 

ALTnaNUM. — The  thermal  eacpansimi  of  the  two  asmples  a(  alumlnnra  investigated 
btXwu-moom  tanpWBtnre  and  ^00°  C  may  be  fepreaeated  by  the  following  emptaicnl 

L,-l.[i+(3i.90  (  +O.OI30  *•)  10-]. 

The  average  coefBdents  of  cTpanrinn  of  the  various  matcriab  for  several  tempen- 
tme  ranges  are  given  in  Table  16. 
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I.  XNTRODUCTION 


The  increasing  use  of  nickel  and  nickel  alloy  wire  in  spai^ 
idugs,  of  monel  metal  for  high-pressure  steam  valves,  stems,  seats, 
etc.,  of  stellite  for  surgical  and  household  uses,  of  stainless  steel 
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for  numerous  purposes,  such  as  aeroplane  and  automobile  engine 
vahres,  pump  rods,  and  marine  fittings,  and  of  aluminum  or  its 
alloys,  almost  universally,  where  %htness  is  necessary,  lias 
created  a  demand  for  data  on  the  thermal  expanston  of  tiiese 
materials.  It  is  necessary  to  prc^ierly  select  tlie  materials  which 
are  component  parts  of  accurate  apparatus  in  order  to  compen- 
sate for  the  varying  expansions  of  these  materials.  Differential 
expansions  between  nickel  and  porcelain  in  spark  {dugs  and 
between  monel  metal  and  steel  or  brass  in  steam  valves  are 
important  fectors  to  be  considered  by  nuumAietiireTS  <rf  sudt 
articles. 

This  paper  includes  original  data  on  the  thermal  expansion  of 
ID  samples  of  commercial  nickel,  lo  sani|des  of  monel  metal,  5 
samples  of  stellrte,  2  samples  of  stainless  steel,  and  2  samples  of 
exceptionally  pure  aluminum,  in  addition  to  the  results  obtained 
by  previous  observers  on  the  expanaim  d  nickel  and  aluminum. 

The  samples  of  nickel  and  monel  metat  were  prepared  by  the 
Intematitmal  Nickel  Co.,  Bayonne,  N.  J.;  the  stellite  specimens 
by  the  Haynes  Stellite  Co.,  Kokomo,  Ind.,  throu^  A.  W.  Gray, 
an  employee  of  the  h.  D.  Caulk  Co.,  MilftHd,  Dd.;  the  samples 
of  stainless  steel  by  the  Firth-Sterling  Steel  Co.,  McKeesport, 
Pa. ;  and  the  samples  of  aluminum  by  the  Aluminum  Company 
<A  America,  New  Kensington,  Pa.  These  companies  also  fur- 
nished the  chemical  compositions  ^d  previous  treatments  of  the 
samples.  Acknowledgment  is  due  these  companies  icx  their  co- 
operation and  to  R.  L.  ColemEin,  jr.,  and  J.  B-  Wat],  of  the  Bureau 
of  Standards,  for  assistance  in  the  tests,  computations,  and  other 
work. 

H.  APPAIUTUS 

The  apparatus  was  essentially  the  same  as  that  used  in  a 
shnilar  investigation  of  the  thermal  expansion  of  insulating 
materials,  to  the  description  of  which  reference '  should  be  made 
for  a  description  of  the  general  procedure.  The,  electrically 
heated  air  furnace  illustrated  in  Fig.  i  of  the  same  paper  was 
used  for  practically  all  of  the  tests.  Each  specimen  was  30  cm 
in  length  and  about  i  cm  in  diameter  (or  diagonal).  In  most 
instances  the  two  observation  wires  (chromel,  or  alloy  of  plati- 
num, and  osmium),  indicating  the  positions  of  the  ends  of  the 
sample,  were  suspended  from  two  V  notches  cut  aroimd  and  at 
right  angles  tto  its  axis,  so  that  the  wires  were  prevented  from 
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moTing  laterally  in  the  directum  of  the  length  oi  specimen  due 
to  the  formation  of  oxide  films  or  scales,  if  any,  at  high  tempera^ 
tures.  The  only  desirable  lateral  movements  of  the.  wires  were 
those  due  to  the  changes  in  temperature  of  tlie  specimen. 

m.  EXPERIMXNTAI,  RKSOLTS 

The  results  obtained  on  the  thermal  expansion  of  nickel,  mond 
metal,  stellite,  stainless  steel,  and  aluminium,  in  addition  to  tlie 
determinations  by  previous  investigators  on  nickel  and  aluminum 
are  given  in  the  following  subsections. 


In  1869  Fizeeu'  published  the  value  0.00001279  '<^  ^^  coefiS- 
cient  of  expansion  of  nickel  at  40°  C.  The  sample  had  been  pre- 
viously reduced  by  hydrogen  and  compressed. 

About  30  years  later  Tutton*  made  nine  individual  determina- 
tions on  the  thermal  expansion  of  pure  nickel.  He  found  that  the 
rate  of  expansion  (or  instantaneous  coefficient)  at  any  tempera- 
ture t  between  6  and  121°  may  be  represented  by  the  value 

0.00001348  +  0^3000000148  t,  or  10*  (1248+  1.48  0' 

Holbom  and  Day'  made  some  measurements  on  the  expansion 
of  a  nickel  bar.  From  their  observations,  which  were  taken  on 
five  different  days,  average  coefficients  of  expansion  were  com- 
puted which  are  given  in  the  following  table : 

TABLE  1.— CoaffldflDM  tt  Bijanrino  ti  flickel  (HoUwcit  and  Da;) 


j™« 

Ial7l 

J«U* 

Sert.w 

S^.19 

U.( 

13.1 

14.1 

it  2 

».2 

tc.« 

IT.. 

17.9 

IS.  9 
11.2 

IS  » 

Before  the  first  test  the  rod  of  nickel  was  482.6  mm  at  o^. 
After  each  test  the  sample  was  approximately  0.02  mm  shorter 
than  before  the  test. 


Digitized  byGoOgle 


500  Scientific  Papers  of  the  Bmnau  of  Standards  ivaL  7 

The  (rfMorations  can  be  rqiresented  hj  the  following  quadratic 
equation 

X*  =  (i346oi  +3-3»5'*)  10-' 
only  above  375*^.     Holborn  and  Day  state  that  nickel  undergoes  a 
transfonnation  in  the  region  of  300°. 

Harrison*  determined  the  coefficients  of  expansion  of  a  very 
pure  spectmen  of  nickel  wire  and  commented  as  follows : 

"Up  to  a  temperature  of  about  365*  the  curve  is  regular.  Be- 
tween 365  and  380'*  there  occiu^  an  anomalous  change  in  the 
expansion,  while  above  380^  the  curve  is  again  regular,  though 
now  it  is  linear,  with  a  different  slope  to  the  regular  part  of  ^Cat 
curve  which  precedes  it.  No  difference  tn  the  position  or  shape 
of  the  anomalous  portion  of  this  ciu^e  was  noticed,  whether  the 
temperature  was  rising  or  falling.  It  is  also  worthy  of  notice  that 
in  every  case  the  wire  returned  after  heating  to  its  original  length. 
There  was  no  permanent  elongation." 

The  following  table  ^ves  average  coefficients  of  expan^on  tat 
ranges  between  o  and  550°: 


TABU  2.— Anra^  Coeffldsntt  of 


«<  metal  win  (Hiirisaa} 


OltSO... 

uoitm.. 


U0t>36S.. 

no  torn., 
uotosm.. 


"The  anomalous  part  of  the  curve  ext^ids  from  340  to  370°, 
which  is  very  approximately  the  range  over  which  changes  occur 
in  the  thermoelectric  force  and  resistance  of  the  same  qiecimen 
of  nickel.  Moreover,  it  has  recently  been  shown  by  the  author,  in 
some  experiments  not  yet  published,  that  this  interval  is  also  that 
over  which  the  magnetic  permeability  of  the  same  specimen 
changes — the  actual  critical  temperature  at  which  the  suscepti- 
biUty  vanishes  being  just  over  370°. " 

Harrison  states  that  the  cause  of  the  anomalous  change  in  ex- 
pansion is  to  be  sought  for  in  the  metal  itself,  although  in  the  case 
of  impure  metals  the  true  effect  mig^t  be  masked  and  modified  by 
changes  of  a  chemical  nattire. 
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Randall*  made  two  seiKS  of  detemunations  of  the  coefficients 
of  expansion  of  a  cylinder  of  pure  nickel  furnished  by  Zeiss,  Jena. 
His  restdts  are  presented  in  two  tables  and  a  figure,  which  indi- 
cates a  critical  region  between  280  and  370**.  The  coefficients  ci 
expansion  of  the  second  series  are  less  than  those  of  the  first  series. 
Randall's  values  are  not  given  here,  for  he  states  that  neither  set 
of  results  can  justly  be  considered  as  representing  the  coefficient 
of  expansion  of  nickel,  due  to  the  fact  that  he  did  not  thoroughly 
anneal  the  sample  by  repeated  heatings  before  making  observa- 
tions. 

Henning  ^  determined  the  hnear  expansion  of  nickel  by  com- 
paring its  change  of  length  at  various  temperatures  with  the 
known  expansion  of  platinum  as  determined  by  Scheel.  The 
following  table  gives  the  linear  expansifm  (or  change  in  length)  in 
millimeters  of  a  i  meter  rod  of  nickel : 

TABLE  3.— Bxpuulan  ef  Ulckal  (H«>mla|) 
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FrMn  these  results  the  average  coefficients  of  expansion  given 
in  the  following  table  were  computed: 

TABLE  4. — Coeffldants  of  Bnuision  of  Hickal  (HmuIiu} 


-itii>4-i*. laixio^ 

-1-181*  150 

uttm 14.' 


In  the  present  investigation  determinations  were  made  on  the 
thermal  expansion  of  10  samples  of  commercial  nickel  from  room 
temperature  to  about  600*  C.  The  nickel  content  varied  from 
about  94  to  99  per  cent.  Five  samples  were  hot-rolled,  and  the 
remaining  five  samples  of  corresponding  compositions  were  hot- 
rolled  and  annealed. 
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The  foUowing  table  gives  the  observatioiiji  of  one  of  the  sam- 
ples (S6j3).  These  results  are  represented  graphically  in  the 
accmnpaaying  figure  Pig.  i,  which  shows  a  typical  expansioo 
curve: 

TABLE  5.— 01»«TTatkni  oa  San^  of  Gamnittcial  Rlckal 
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A  comparatively  large  number  of  observations  were  taken  on 
each  specimen  between  300  and  400"  C  in  an  attempt  to  locate 
transformation  regions,  if  any.  No  marked  change  was  observed, 
but  in  most  of  the  expansion  curves  of  these  samples  a  slight 
irregularity  was  perceptible  in  the  region  near  350°  C.    This 
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agrees  with  Hanison's*  statement  that  the  true  effect  in  the 
case  of  impure  metals  might  be  masked  and  modified  by  changes 
of  a  chemical  nature. 

The  chemical  compositions  and  the  average  coefficients  of 
expansion  fen-  various  temperature  ranges  are  given  in  the  fol- 
lowing table: 


\  n.0 


\-» 


lore  ao*c  mrc  wo*c  mo'c  eoo'c  »i*c  «o*c  axrc 


From  an  examinatioa  of  the  preceding  table  it  is  apparent  that 
the  annealing  of  the  hot-rolled  samples  in  most  cases  caused  a 
sli^t    increase    in    the    coefficients.     The    average  coefficients 
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between  3j  and  300°  for  the  samples  a>ntaining  98.76  to  99,06 
per  cent  nickel  are  14.4X10"*  for  the  hot-rolled  and  i4.5Xio"*fM: 
the  annealed  specunens.  For  the  range  from  25  to  600°  C,  the 
coefficients  of  the  five  hot-rolled  samples  vary  from  14.9  X  ic*  to 
15.6X10'^,  and  for  the  five  annealed  specimens  from  15.4X10'* 
to  15.7  Xio"*.  These  coefficients  are  considerably  greater  than 
those  of  most  of  the  porcelains  described  in  Sdentific  Papers  of 
the  Bureau  of  Standards,  No.  352. 

The  average  coefficients  of  expansion  of  the  10  samples  of  nickel 
vary  from  12.9XIO'*  to  13.5  Xio^*  for  the  range  25  to  100*  C.  These 
coefficients  are  approximately  10  or  20  per  cent  greater  than  those 
of  ordinary  steel  for  the  same  range. 

On  cooling  from  the  maximum  temperature  (about  600°  C)  to 
room  temperattne  the  observations  were  generally  slightly  below 
the  heating  curve,  so  that  after  the  thennal  expansion  tests  the 
specimens  were  shorter  than  before  these  tests.  Holbom  and  Day  • 
also  found  a  diminution  in  the  length  of  a  rod  of  nickel  after  each 
heating  and  cooling.  Harrison,**  however,  found  that  in  every 
case  nickel  wire  returned  to  its  original  length  after  heating. 

The  following  table  gives  the  changes  in  length  from  the  original 
lengths  after  the  thermal  expansion  tests.  The  minus  (  — )  sign 
indicates  a  decrease  in  length: 

TIBLE  7.— Changes  In  Length  Dtu  to  Hut  TmtaMat  RMcIved  Daring  Tnt 
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2.  HOnSL  HETAL 


Monel  metal  is  a  natural  alloy  of  the  approximate  formula: 
Nickel,  67  per  cent;  copper,  28  per  cent;  and  the  remaining  5  per 
cent  made  up  of  iron,  manganese,  silicon,  etc. 
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Measurements  were  made  on  the  thennal  expansioD  of  lo 
samples  of  monel  metal  frcHn  room  temperature  to  about  600°  C. 
Two  samples  were  cast,  and  three  were  hot-rolled.  The  runainmg 
five  specimens  of  corresponding  compositions  and  treatments 
received  additional  heat  treatment;  that  is,  they  were  annealed. 
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A  typical  expansion  curve  (S641)  is  shown  in  Fig.  2,  and  the 
observations  from  which  it  was  obtained  are  given  in  Table  S. 
TABLE  8.-~Ob9mv«tioiu  on  Expsnsloii  of  a  Sam^a  of  Honel  Hotal 


m  the  ItngOi  U  them 


The  expansion  curves  on  heating  were  found  to  be  fairly  regular. 
Oh  cooling  the  observations  were  sHghtly  below  the  heating 
curves  in  most  cases. 
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Tbe  chemical  compositions  and  the  average  coeffidents  of 
expansion  for  various  temperature  ranges  are  given  in  the  foUow- 
mg  table: 

TABLE  0. — Chamlcal  Con^Mitiona  and  ATarafa  Coeffldonts  of  Eqaoaion  of  Samplaa 
of  Hosol  HMal 
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It  is  interesting  to  note  that  the  average  coefficients  for  the 
range  from  25  to  300"  C  are  all  practically  equal.  Above  300* 
there  are  some  marked  difiFerences.  For  example,  the  coefficients 
of  S648  and  S649  between  500  and  600°  C  differ  by  2.3  x  lo"*. 
In  most  cases  the  coefficients  of  the  annealed  and  unannealed 
samples  are  equal  or  nearly  so. 

From  a  comparison  of  the  average  coefficients  for  the  entire 
temperature  range  from  25  to  600°  C,  it  is  seen  that  the  coefficients 
of  the  cast  alloys  are  greater  than  those  of  the  hot-rolled  alloys, 
and  that  the  leaded  monel  samples  have  the  greatest  coefficients. 

The  coefficients  of  expansion  of  monel  metal  are  larger  than 
those  of  the  samples  of  nidal  ^escribed  in  the  previous  section^ 
In  addition  to  nickel  monel  metal  contains  about  30  per  cent 
copper,  which  element  has  larger  coefficients  than  those  of  the 
nickel  or  monel  samples.  The  copper  constituent,  therefore,  evi- 
dently raises  the  value  of  the  coefficient  of  the  alloy  of  copper 
and  nickel. 

3.  STKLLTTS 

This  subsection  includes  five  samples  of  stellite,  which  alloy  is 
usually  composed  of  cobalt,  chromium,  and  tungsten.  The  alloy 
is  sometimes  modified  by  the  addition  of  iron  or  by  the  substitu- 
tion of  molybdenum  for  tungsten  and  possibly  nickel  for  cobalt. 
The  discovery  and  other  features  connected  with  the  application 
of  this  alloy  have  been  described  by  the  inventor." 

The  approximate  chemical  compositions  of  the  samples  and  the 
average  coefficients  of  expansion  for  various  temperature  ranges 
are  given  in  the  following  table : 

"  Ehrood  Han**.  PnK.  Sue,  Soc.  WcMcni  Famtrivmia.  M.  p.  46;:  Pcb,.  [gin.  Bid  Amsfcaa 
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TABLE  lO.-^ppnBlmtta  Chmlcal  Compotitlotia  uid  knrttfi  Ooaffldoitt  of  Bz- 
pUKiioB  of  Sftmiilea  of  Stalllto 
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Figs.  3  to  6  show  the  expansion  curves  of  four  samples  of  stelHte 
(S534,  535,  537,  and  536)  from  room  temperature  to  about  600°  C. 
After  these  tests  one  of  the  specimens  (S536)  was  cooled  from 
room  temperature  to  about  —  ioo°C,  and  the  results  were  repre- 
sented graphically  in  Fig.  7. 

From  an  examination  of  the  curves  and  the  average  coefficients 
of  expansion  it  is  evident  that  the  expansion  curves  in  most  cases 
are  irregular  in  the  region  between  300  and  500°  C,  For  example, 
in  the  case  of  the  soft  malleable  stellite  (S534),  the  rate  of  expan- 
sion increases  regularly  with  temperature  up  to  300°  C  and  then 
decreases  to  a  nearly  constant  value  over  the  range  from  300  to 
500°  C.  At  the  latter  temperature  the  average  rate  of  expansion 
again  increases  rapidly  from  500  to  600°  C. 
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The  stelUte  containing  10  per  cent  tungsten  (S536)  has  the 
smallest  coefficients  of  expansion  of  any  sample  investigated. 
The  hammered  stellite  (S537)  has  smaller  coefficients  than  the 
wihanmtered  sample  of  corresponding  composition,  which  indi- 
cates that  hammering  may  lower  the  values  of  the  coefficients  of 
expansion. 
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4.  STAIHLBSS  8TXEL 
Determinations  were  made  on  the  thennal  expansion  of  two 
samples  of  stainless  steel  from  room  temperature  to  about  900°  C. 
The  composition  of  these  specimens  was  as  follows:  Carbon,  0.30 
percent;  silicon,  o.  11  percent;  manganese,  0.18  per  cent;  sulphur, 
0.01 1  per  cent;  phosphorus,  0.020  per  cent;  and  chromium,  13. jo 
per  cent.  One  of  the  samples  (S620)  was  electrictdly  melted,  cast 
into  ingots,  hammer  cogged,  finished  on  rolUng  mill,  and  then 
annealed  at  1400**  P.  Tbe  other  sample  (S680)  was  hardened 
(and  not  drawn).  Its  hardness  ntmibff "  was  found  to  be  77.7 
(scleroscope). 

br  W.  B.  Ttvpint.  «f  thli  BuTcaa. 
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The  expansjon  curves  of  the  two  steels  are  shown  in  Figs.  8  and 
9.  On  heating,  both  samples  indicated  critical  regions  which  ex- 
tended from  approximately  825  to  approximately  855*^  C.  The 
transformation  point  of  ordinary  steel  usually  occurs  at  lower 
temperatures.  For  the  two  samples  of  stainless  steel  the  trans- 
formation point  on  cooling  occurred  at  approximately  800*  C. 

Up  to  the  transformation  regions  the  heating  and  cooling  curves 
of  the  annealed  sample  are  fairly  regular.     The  cooling  curve  lies 
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Fig.  8. — ThtrmaX  expantion  qfantuahd  itaitiUii  tittl 

slightly  below  the  heating  curve,  and  at  the  end  of  the  test  the 
sample  was  very  slightly  shorter  than  before  the  test,  which  indi- 
cates that  this  specimen  did  not  suffer  any  great  permanent  def> 
ormation  due  to  the  heat  treatment  incident  to  the  test. 

In  the  case  of  the  hardened  steel  the  curve  is  irregular  between 
200  and  400**  C,  where  the  strains  produced  in  hardening  were 
probably  released.  Above  400°  the  sample  behaved  like  the 
annealed  specimen.  This  property  is  in  agreement  with  the 
samples  of  carbon  steel  recently  studied.  (Complete  data  on  these 
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steels  will  be  avatlabk  at  a  futuie  date.)  The  cooling  curve  lies 
below  the  heating  curve,  and  at  the  end  of  the  test  the  samfde 
was  0.088  per  cent  shcoter  than  before  the  test.  The  cooling 
curve  of  the  hardened  sample  is  fairly  r^ular  and  in  close  agTee> 
ment  with  the  curve  of  the  annealed  sample,  as  will  be  shown 
later  from  a  comparison  of  the  coefficients. 
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The  coefficients  of  expansion  of  the  two  samples  of  stainless 
steel  for  various  temperature  ranges  are  given  in  the  following 
tables: 

TABLE  11.— Coeffldenls  of  Bxptiislon  of  Sulnlesa  Steel 
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Up  to  400°  C  the  coefficients  of  expansion  of  the  annealed 
sam{de  are  appreciably  larger  than  those  of  the  hardened  sample. 
Annealing,  therefore,  caused  an  increase  in  the  values  of  the 
coefficients  of  the  hardened  sampk  up  to  400"  C. 

Since  the  cooling  ctuire  of  the  annealed  sample  is  only  sightly 
below  the  heating  curve,  the  coefficients  an  cooling  and  on  heating 
do  not  materially  differ.  However,  in  the  case  of  the  hardened 
sample,  there  are  appreciable  differences,  as  may  be  seen  by 
comparing  the  coefficients  of  contraction  with  the  coefficients  of 
expansion  for  corresponding  temperature  intervals. 
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The  coefficients  of  contraction  of  the  hardened  sample  agree 
closely  with  the  coefficients  of  the  annealed  sample.  This  means 
that  the  former  specimen  on  cooling  behaved  like  the  annealed 
sample,  as,  in  fact,  it  should,  since  the  heat  treatment  constituted 
an  annealing  operation. 

The  coefficients  of  expansion  of  both  the  hardened  and  the 
annealed  stainless  steel  are  less  than  the  coefficient  of  ordinary 
iron  or  steel,  which  is  probably  due  to  the  large  amount  of  chro- 

S.  ALUHIHinf 

Although  bearing  only  a  slight  similarity  or  relation  to  the 
previous  nontaxnishing  alloys  or  metals  reported  in  this  paper,  it 
is  desired  to  recfxd  the  expansion  of  exceptionally  pure  aluminum. 

Some  years  ago  Dr.  R.  Seligman"  cited  an  example  of  the  im- 
portance of  accurate  information  on  the  thermal  expansion  of 
ahmiinum.  "I  was  recently  called  in  to  examine  an  aluminum 
vacuum  pan  made  on  the  Continent  for  a  firm  of  oil  distillers,  about 
10  feet  long,  which  had  collapsed.  I  found  that  the  collapse  was 
due  to  insufficient  allowance  for  the  difference  in  expansion  of 
aluminum  and  iron  under  the  influence  of  high  tempentture." 

A  number  of  investigations  on  the  expansion  of  aluminum  have 
been  undertaken  by  various  observers.  Some  of  the  results  are 
given  in  this  section. 

u  Tniia.  Far.  Soc.,  T,  o.  ttS:  igii. 
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In  1901  Dittenbergcx"  made  a  number  d  determiuatioas  on 
a  oj-meter  rod  of  pure  material  obtained  from  the  AUg;emeineii 
ElektnzitatS'Gesellschaft  (ttf  Germany),  tlie  table  gives  the 
average  coefficients  of  expansion  which  were  onnputed  from  his 
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He  states  that  the  expansiim  of  aluminum  can  not  be  represented 
by  a  quadratic  equati(»i,  especially  at  250  and  610^  C,  and,  from 
analogy  witii  other  metals,  aluminum  evidently  undei^oes  a  trans- 
formatiou  at  these  temperatures. 

In  1907  Henning"  experimented  with  the  same  rod  of  aluminum 
used  by  Dittenbeiger,  but  obtained  values  which  are  somewhat 
higho:  than  those  given  by  the  latter.  The  averse  coeffideirts  of 
expansion,  computed  from  Henning's  data,  are  as  follows; 

TABLE  14. — CoaffldmtB  of  Bipiniriftii  of  Afaanlntun  (Hennlng) 
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In  April,  1919,  Jaeger  and  Scheel'*  reported  data  on  the  thermal 
expansion  of  two  samples  of  aluminum  containing,  respectively, 
1.2  and  0.4  per  cent  of  impurities,  chiefly  iron  and  silicon.  The 
expansion  is  summed  up  by  the  ap|Hx>ximate  formula 

Lt-L»ti  +  {22.9/+o.oo9(^  lo-*] 

between  the  limits  —  78  to  500*  C. 
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In  the  present  investigation  two  samples  were  cut  from  a  bar 
of  aluminum  of  high  purity,  prepared  by  the  Aluminum  Com- 
pany of  America,  New  Kensington,  I^. 

liie  metal  vras  melted  in  an  Acheson  graphite  cnicible  at  a 
temperature  which  at  no  time  exceeded  1350°  P  and  was  potired 
at  1300°  F  in  a  green  sand  mold.  The  bar  was  taken  directly 
from  the  mold  and  received  no  further  heat  treatment  before  the 
thermal  expansion  tests.  The  analyds  of  samples  taken  from  the 
ends  of  the  bar  after  it  was  cast  was  as  follows: 

lioD - - 0.13 

Copper A  006 

AI(bydiB.) <»9'744 

The  following  table  gives  the  results  obtained  for  the  average 
coefiScients  of  expansion  for  various  temperature  ranges: 

TABU  15.— Coamdnita  ot  Wipiiwlwi  «1  Alnmlaiiai 
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The  average  equation 

Lf-L,fi +  (21.90  (+0.0120  (*)  lo"*] 

is  given  as  the  most  probable  second-degree  equation  for  the 
expansion  of  this  aluminum  (99.74  per  cent)  from  room  tempera- 
ture to  600°  C.  The  length  at  any  temperature  i  as  determined 
from  this  equation  is  accurate  to  ±0.00004  P^  ^i^'^  length. 

Observations  were  taken  on  cooling  on  sample  i  (S613)  and  are 
plotted  in  Fig.  10.  The  cooling  curve  was  found  to  be  slightly 
above  the  heating  curve,  and  at  the  end  of  the  test  the  specimen 
was  about  o.oi  per  cent  longer  than  before  the  test.  The  length 
of  the  other  specimen  was  practically  the  same  before  and  after 
the  test. 
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We  have  been  unable  to  verify  conclusively  the  irregularities'* 
which  Dittenberger  indicated  at  250  and  610"  C.  These  were,  per- 
haps, the  result  of  impurities. 

IV.  SUMMARY 

This  paper  gives  data  on  the  thermal  expansion  of  29  samples 
of  conmmcial  nickel,  mratel  metal,  stellite,  stainless  steel,  and 
ahuninum,  in  addition  to  the  results  obtained  by  previous  observers 
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Fio.  10. — Thttmal  rxpaniion  t^  ali 

on  the  expansion  of  nidcel  and  aluminum.  All  of  these  materials 
except  stainless  steel  were  examined  from  room  temperature  to 
about  600°  C.  The  samples  of  stainless  steel  were  heated  frcmi 
ro(»Q  tetiq>erature  to  900°  C.  The  apparatus  used  was  essentially 
the  same  as  that  described  in  Scientific  Papers  of  the  Btueau  of 
Standards,  No.  352. 

NiCKBi,. — In  moet  of  the  expansion  curves  of  commercial 
nickel  a  slight  irregularity  was  perceptible  in  the  region  near 

■rf  [Kiaible  ^^iIku 
■Bd  if  thoe  othR  fainninUn  Iwd 
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350°  C,  but  there  was  no  marked  change  en-  anomalous  expansion 
such  as  was  observed  by  previous  investigators  in  the  case  of  pure 
nickel.  Annealing  of  the  hot-rolled  samples  of  nickel  usually 
caused  a  shght  increase  in  the  values  of  the  coefficients  of  expan- 
sion. 

MonEL  Mbtai,. — ^The  expansion  curves  of  monel  metal  were 
found  to  be  fairly  regular.  The  average  coefficients  of  expansion 
of  the  various  samples  for  the  range  from  25  to  300°  C  are  all 
practically  equal.  For  the  temperature  range  from  25  to  600°  C, 
the  average  coefficients  of  the  cast  samples  are  greater  than  those 
of  the  hot-rolled  alloys. 

STBU.ITB. — For  the  samples  of  stellite  (e^ospt  festel  metal) 
only  approximate  compositions  are  given.  The  expansion  curves 
show  irregularities  in  the  region  between  300  and  500°  C.  The 
stellite  containing  10  per  cent  tungsten  has  the  smallest  coefficients 
of  expansion  of  all  the  samples  investigated.  The  hammered 
steUite  has  smaller  coefficients  than  the  mihammered  sample  oi 
corresponding  composition,  which  indicates  that  hammering  may 
lower  the  value  oi  the  coefficients  of  expansion. 

Stainless  Stbsi.. — The  expansion  curves,  including  the  critical 
regions  of  the  annealed  and  the  hardened  sample  of  stainless  sted, 
have  been  shown  in  Figs.  8  and  9.  On  heating,  both  samples 
indicated  critical  regions  which  extended  ircaa  approximately  825 
to  approximately  855°  C.  The  transformation  point  on  cooling 
occurred  at  about  800°  C.  Up  to  the  transformation  regions  the 
heating  and  cooling  curves  of  the  annealed  sample  are  fairly 
regular.  In  the  case  of  the  hardened  stainless  steel,  the  curve  is 
irregular  between  200  and  400^  C  where  the  strains  produced  in 
hardening  were  rdeased.  Above  400°  this  sample  behaved  like 
the  annealed  spedmen.  The  coefficients  of  expansion  of  the 
hardened  or  annealed  stainless  steel  are  less  than  the  coefficients 
of  ordinary  iron  or  steel,  which  is  probably  due  to  the  large  amount 
of  chromium. 

Aluminum. — The  thermal  expansion  of  the  two  samples  of 
alumintmi  investigated  between  room  temperature  and  600°  C 
may  be  represented  by  the  following  empirical  equation: 

Z.t«/-o[i +(21.90/4-0.0120  (*)  lo**]. 

The  thermal  expansion  of  aluminum  was  found  to  be  apimncimately 
twice  as  large  as  that  of  any  of  the  other  materials  discussed  in 
this  paper. 
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For  comparison  the  aver^  coefBdents  of  expanskm  of  the 
materials  investigated  for  several  temperature  ranges  are  given 
in  tiie  following  table : 

TABU  !«.— Avwige  CooOdrati  of  Bi^uuloo  of  ITlckal,  ICOO0I  HaU,  StalUta, 
8ti)itl— 1  Stael^  ■    '   " 
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Washington,  May  6,  igai. 
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Some  efthtts  of  the  wstributed  eAPAcrrv 

BETWEEN  INDUCTANCE  COILS  AND  THE  GROUND 

Bt  Gssgory  Bnit 

ABSnULCT 

It  b  wefl  known  that  tbe  effective  capacity  of  tm  condeiuen  wUck  aft  comMcted 
la  series  b  JV^S  if  C^,  Cg  ate  tlie  capacities  of  the  two  condeiuen.  In  the  paper 
here  presented  it  is  shown  that  this  rule  does  not  always  hold,  and  it  ia  found  that 
another  more  general  lelatkm  is  tme.  Ttris  icUtioa  depends  tipon  the  method  of 
■neaminK  the  eSeotiTc  capacity.  If  theidetlndvKdltthBtcAnstiuaMai^iisUteat 
and  if  a  coil  synutKtcicsl  aa  to  its  two  lenniiutla  i*  used  in  the  reaonancc  Btpepmeafc 

then  it  is  shown  mathetnatically  and  veri^etlicxpariMantldly  that  Jj^,^  i»«iU«Mir 
function ci  ^"i^  ' 

Wlien  an  inductance  cofl  is  used  in  electrical  clnniits^  its  dis- 
tributed capacity  affects  its  behavior  in  various  ways.  ■  Most  of 
these  AFC  due  to  the  capacity  between  various  parts  of  the  coil 
as  well  as  to  the  capacity  of  the  coil  to  ground.  The  two  are 
usually  indistinguishable.  Thus,  the  efifective  capacity  pf  a  coil 
depends  bp^  bn  the  capacfty  between  parts  of  the  coil  aadbn  the 
capacity  of  ^wrtsof  the  cpil  to  ground.  The  same  is  true  for  the 
resistance.  There  appears  to  be  one  effect,  however,  which 
depends  on  the  eflective  capacity  of  the  cqil  to  ground,  primarily. 
Hiis  effect  is  observed  When  two  condensers  connected  in  series 
are  connebted  actioss  th^  coil  terminals  %nd  when  the  common 
terminal  of  toe  two  condensers' is  ^ioluiiicq: 

Let  C„  C,  be  the  capacities  of  the  two  condensers.  Vary  either 
C,  or  C,  until' resonance  is  obtamed.     If  the  coil  hod  no  capacity 

to  groimd,  resonance'%ould"be  obtained-  wheiiever  ^-^-j^  had 

a  proper  value,  dependiiig'on  the  frequency  and  on  the  inductance 
of  the  coil,  but  indepen^nt-cf  the  particular  values  cfCiand'Ci. 
If  the  coil  has  capacity  to  grouqdt  ,tlus  is  no  longer  true.  In 
this  case  another  more  complicated  relation  takes  the  placx  of  the 
relation'    -  '     " 


i--=Consi. 


The  nature  of  this  relation  may  be  fotmd  by  representing  the 
distributed  capacity  to  grormd  by  a  series  of  capacities,  as  in 
Fig.  I.  The  whole  coil  is  here  di'vided  in'to  n  sections,  and  the 
capacity  of  each  to  groimd  is  re^pre^Aited  by  a  limiped  capacity 
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at  its  end,  as  e.  g.,  by  C,.  The  line  GH  represents  the  ground. 
The  inductances  of  the  various  sections  are  written,  respectively, 
as  L,,  L,,  ■  ■  ■  Lb.  The  resistances  of  the  same  sections  are 
denoted  by  Rt,  R^,  ■  •  ■  Rn.  The  emfs  induced  in  the  sections 
are  written  as  £if*"»,  E^,  ■  ■  ■  £»€»-',  where  £„  £,  ■  ■  • 
Em  are  supposed  to  be  independent  <rf  the  time,  where  •  is  the  base 
of  natural  logarithms  and  where  j-V-i.  It  is  imderstood  in 
writing  the  emfs  in  the  complex  form  just  used  that  the  real 
part  of  the  complex  quantity  written  is  considered  only,  and 
that  in  all  the  equations  that  follow  the  real  part  only  of  botb  sides 
will  be  consideFed.  The  mutual  inductance  between  the  sections 
having  inductances  L„  L^  will  be  written  M,,  and  a  similar  notation 
will  be  used  for  all  other  sections. 

r  o'oofoooooooooooow^ 
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.£«.&. 
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•  S"-*.  £it 
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PW.  1. — ggiMPafcul  MKwf /or  ail  »td  ill  diilnbulml  MfttUj  H  gmimi 

The  currents  in  L,,  Lj,  ■  •  •  L.  are  written 

TIk  cuncnts  in  Ci,  C„  -  •  •  Cmi  are  vritten  as 

/',€>»,  /',.»,  ■  •  •  /'„,.'■' 
Eirchhoff's  laws,  when  applied  to  the  network  of  Pig.  i ,  gtn 
I',-h 

r,+i,-i. 


(I) 


Di3,i«db,Google 


Capacity  to  Ground 


jC^    jCiW 

Mb/w/,  + +  (L^ + i?07, 

or  using  (i) 

(Lj..+R.+^+^_)/.+(M>-^)/.+Af>/. 

(m^-jj^_)/.+(l>+j?.+j^+jJL.),. 

+ (  LnJW  +  J?.  +  ^  +  ^-^  V„  -  E. 

Resonance  occurs  when  the  determinant  of  this  system  of  equa- 
tions vanishes,  provided  in  that  determinant  all  the  resistances  are 
set  equal  to  zero.  This  is  only  approximately  true,  but  is  a  good 
approximation  if  the  resistances  are  small,  because  for  small 
values  of  the  resistances  the  position  of  resonance  is  independent 
of  the  resistances.     Thus,  the  condition  for  resonance  is 


•  Af„+7 


Af„ 
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As  an  equation  in  Ci  and  Cd+i  it  has  tlie  fonn 
A  ,    B    ,      D 


C.C. 


+F-0 


(3) 


In  particular,  if  the  sunoundings  of  the  coil  are  synunetrical  with 
lespect  to  the  two  ends 

A-B, 
and  hence. 


A  + 


C,+C„ 


C,+C„ 


(4) 


c.  Jc.     _ 

r  T  J 

=  " 

0000000000000" 

II 

c 
c 
c 

zf 

> 

Flo.  a. — £fHimtbnf  araUtfoT  coil,  ib  tt^-eapaeitj,  and  ib  ditiri- 
huUd  tapaeitf  to  grotmd 

Thentfore,  if  for  different  values  of  C,  proper  vahies  of  Cm*i  be 
found  so  as  to  secure  resonaace,  and  if  yi~~~*~  be  calculated, 

t-i  +  C  n+i 

a  constant  number  will  not  be  obtained.     However,  if  its  value  be 
plotted  against  the  value  of 


a  stra^^ht  line  must  result  according  to  (4). 
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Curves  given  as  Ia,  Ib,  Io,  Id,  Ii  (Figs.  3,  4,  5,  and  6)  give 
experimentally  obtained  graphs  of  /■■  ■  , —   against    „  *. /~"'- 

t-l  +  Cn+i  *-i  +  t-B+i 

The  graphs  are  seen  to  be  nearly  straight  except  at  the  ends, 


Pio.  $.—Obtenitd  ntuUt  for  variaium  (/  5^^    with     — '-  - 

where  they  have  a  bend.     This  bend  is  probably  due  to  a  dissym- 
metry in  the  surroundings. 

By  similar  reasoning  it  is  found  that  a  relation  of  the  form  (3) 
is  satisfied  also  for  the  more  general  circuit  shown  in  Fig.  3, 
provided  C«  and  L  are  kept  constant. 


Fig.  6. — Obttnud  nmUtfor  •oariation  of 


This  seems  to  indicate  that  the  curvature  of  the  graphs  observed 
is  due  to  dissymmetry  in  the  surroundings,  because  distributed 
capacity  effects  between  different  parts  of  the  coil  are  probably 
taken  account  of  by  the  above-mentioned  calculation. 
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smauRT 

When  two  condensers  connected  in  series  with  common  terminal 
grounded  are  connected  across  the  tenninals  of  an  inductance  coil, 
their  effective  capacity  in  series  is  not  equal  to  their  effective 
capacity  so  far  as  resonance  of  the  coil  is  concerned.  If  the 
capacity  of  one  condenser  is  C,  and  of  the  other  C„  the  quantity 

e,c, 

is  the  effective  capacity  of  the  two  condensers  in  series.    As  stated, 

it  does  not  stay  constant  when  C,  is  changed  arbitrarily  and  C^ 

C,  C, 
IS  readjusted  for  resonance.     However,  —      —   is  linearly  related 


Washington,  May  6,  1921. 
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TOE  RADIO  DIRECnON  FINDER  AND  ITS  APPUCA- 
TION  TO  NAVIGATION 

B;  Fmkrick  A.  Kdu  ad  Fnack  W.  Dinmiite 

ABSTKACT 

The  radio  direction  finder  is  a  simple  instnuneiLt  by  meana  a!  which  the  direction 
flf  B  ndk)  tnnsnilttiiig  station  may  be  detennined. 

A  practical  form  erf  direction  finder  h«8  been  developed  by  the  Bureau  of  Standards, 
in  ooopoatian  with  the  Bureau  of  Ligjithouses,  for  use  on  shipboard,  and  teats  have 
proved  it  to  be  a  very  useful  nautical  instmnient. 

Sound  and  visual  signaling  devices  have  been  used  at  lif^t  statloiia  for  many  yean, 
bnt  during  fog,  wben  tbey  ate  moot  needed,  fliey  fail  to  give  reliable  information. 
The  radio  diiectioti  finder  is  not  aflccted  by  fog,  and  has  die  further  advantage  that 
it  will  operate  over  much  greater  HiirtaTir^ 

This  paper  deals  briefly  ^tl)  the  principles  of  the  operation  of  the  direction  finder, 
but  is  primsily  concerned  with  poetical  development,  which  has  made  possible  a 
device  soffidoiUy  simple  and  accurate  for  nse  as  an  aid  to  navigation,  and  with 
practiol  applications  which  have  been  made. 

The  system  described  includes  the  use  of  the  radio  direction  finder  on  ahipboard 
in  oonnectkn  with  automatically  operated  radio  transmitting  apparatus  Installed 
atU^statkns.  The  paper  describes  in  detail  a  dlrectloa  finding  system  of  this  ^pe, 
including  radio  transmitting  ^tponitns  which  is  in  operation  on  light  stations  at  the 
entrance  to  New  York  harbor  and  the  direction  finder  installed  on  shipboaid. 

As  a  result  of  esrtensive  tests,  which  are  described,  this  method  of  installing  the 
directkm  finder  on  shipboard  has  been  found  to  have  numerous  advantages  over 
another  system  <d  direction  finding,  in  iriiich  each  ship  transmits  radio  signals  to  8t 
number  of  direction  findera  located  on  shore. 

The  paper  points  out  the  importance  of  estabUsbing  as  soon  as  possible  radio  trans- 
mitting stations  at  the  other  important  light  stations  on  the  Atlantic  and  Fadfic 
ooaats  and  the  **■«*»'"■'**"■  of  radio  compass  equipment  on  shipboard. 
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L  IllTRODUCnON 

Sound  and  visual  signaling  devices  have  been  employed  for 
many  years  as  aids  to  navigation.  Lighthouses  and  lightships, 
with  their  characteristic  light  flashes  and  soimd  signals,  are  estab- 

S»9 
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lished  and  maintained  along  the  coasts  and  at  harbor  e 

in  order  that  shipping  may  be  carried  on  with  maximum  safety. 

Unfortunately,  however,  during  fog  or  thick  weather,  when 
the  greatest  need  for  these  aids  to  navigation  exists,  they  fail  to 
serve  their  purpose  adequately.  I^ight  does  not  penetrate  fog, 
and  it  is  well  known  that  sound  signals  are  extremely  unreliable 
and  can  not  be  depended  upon  to  indicate  direction  or  distance. 
Furthermore,  even  under  favorable  conditions,  the  most  modem 
devices  for  visual  or  sound  signaling  are  limited  to  ccnnpanLtiTely 
short  distances. 

The  utilization  of  electric  waves  such  as  are  employed  !n  radio 
communication  for  fog-signaling  purposes  has  been  suggested 
from  time  to  time,  and  although  early  experiments  have  been 
made  both  in  this  country  and  abroad  for  the  purpose  of  deter- 
mining the  practicabiUty  of  fog  signaling  by  radio  no  serious 
attempt  has  been  made  to  encourage  the  adoption  of  the  scheme 
until  recently. 

In  May,  1913,  one  of  the  authors  of  this  p^>er,  acting  as  a  repre- 
sentative of  the  Department  of  Commerce  cm  the  Interdepart- 
mental Radio  Committee  on  Safety  at  Sea,  strongly  advocated 
that  serious  consideration  be  given  to  the  possibiUties  of  radio 
signaling  as  an  aid  to  navigation  and  that  the  matter  be  brcHight 
before  the  International  Conference  on  Safety  at  Sea,  which  was 
held  in  London  during  that  year. 

It  is  well  known  that  electric  waves  penetrate  fog  and  can  be 
transmitted  over  much  greater  distances  than  light  or  sound 
waves.  Any  lighthouse  equipped  with  a '  suitable  radio  trans- 
mitting equipment,  therefore,  becomes  an  effective  radio  fog- 
signaling  station  whose  characteristic  signals  are  readily  received 
by  all  ships  within  range  irrespective  of  weather  conditions. 

Since  1913  the  radio  laboratory  of  the  Bureau  of  Standards  has 
given  a  great  deal  of  attention  to  the  practical  development  of 
methods  and  devices  for  radio  fog  signaling  and  particularly  to  the 
development  of  a  suitable  instnmient  for  use  on  shipboard  by 
means  of  which  the  direction  or  bearing  of  the  signaling  station 
may  be  determined. 

It  is  the  purpose  of  this  paper  to  describe  the  radio  f<^-signaling 
system  and  especially  the  direction-finding  instrument  or  radio 
compass,  as  it  is  sometimes  called,  and  to  give  the  principles  upon 
which  its  operation  is  based  as  well  as  the  results  obtained  in  prac- 
tical use.  Under  normal  conditions  this  publication  would  have 
been  released  several  3>ears  ago,  but  because  of  the  important 
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miHtaiy  value  of  the  direction  finder,  so  effectively  demonstrated 
during  the  war,  the  Navy  Department,  in  1915,  requested  that 
publication  as  well  as  civil  application  be  delayed.  During  the 
war  many  naval  vessels  were  equipped  with  the  radio  direction 
finder. 

More  recently  the  Navy  Department  has  estabfished  an  ex- 
tensive ^stem  of  direction-finder  stations  on  shore,  the  purpose 
d  which  is  to  furnish  to  ships,  upon  request,  radio  bearings  taken 
by  two  or  more  such  stations.  In  the  Navy  system  the  ship  whose 
position  is  to  be  determined  becomes  the  signaling  station'  from 
which  radio  bearings  are  taken  at  two  or  more  direction-finder 
stations  located  on  shore.  The  bearings  thus  obtained  are  then 
communicated  to  the  ship  by  radio. 

The  system  advocated  and  developed  by  the  Bureau  of  Stand- 
ards in  cooperation  with  the  Bureau  of  Li^thouses  is  the  reverse 
«rf  the  Navy  system.  Lighthouses  and  light  vessels  whose  location 
on  sailing  charts  are  accurately  shown  are  equipped  with  radio  fog- 
signaling  apparatus,  which  automatically  transmit  their  respective 
characteristic  signals  diuing  fog  or  at  such  tunes  as  may  be  neces- 
sary. The  direction  finder  is  then  required  to  be  installed  on  ship- 
board, where  it  may  be  operated  directly  by  the  navigating  officer, 
who  can  take  bearings  at  any  time  and  as  often  as  he  desires  on 
any  one  en*  more  of  the  radio  fog-signaling  stations  established  and 
operated  by  the  Bureau  of  Lighthouses. 

Extensive  tests  have  been  conducted  with  the  view  of  deter- 
mining the  practicability  of  the  Bureau  of  Standards  system. 
So  successful  have  been  the  results  that  it  is  predicted  that  with- 
in a  abort  time  every  important  lighthouse  and  light  vessel  will 
become  a  radio  fog-s^pialing  station,  and  the  radio  direction 
finder  will  become  as  much  a  part  of  a  ship's  equipment  as  the 
magnetic  compass.  An  extremely  effective  aid  to  navigation 
will  thus  be  provided  which,  if  universally  adopted,  will  result 
in  more  adequately  protecting  life  and  property  at  sea. 

The  cost  of  a  direction  finder  for  shipboard  installation  is  so 
small  as  compared  with  the  benefits  which  may  be  derived  there- 
from, perhaps  in  a  single  instance,  where  life,  property,  or  even 
time  may  be  saved,  that  it  can  not  enter  into  consideration. 
Likewise  the  cost  to  the  Government  of  establishing  radio- 
signaUng  stations  at  lifj^thouses  and  on  light  vessels  is  small  as 
compared  to  their  vahie  as  substantial  aids  to  navigation,  particu- 
larly since  no  additional  personnel  is  required  in  their  operation  and 
maintenance. 
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International  recognition  of  the  future  importance  of  radio 
fog-signaling  has  been  recorded  in  the  report  of  the  Interallied 
Radio  Commission  which  met  in  Paris  in  1919  and  later  in  the 
report  of  the  Uoiversal  Electrical  Communications  Union  which 
met  in  Washington  in  1920. 

The  following  recommendations  concerning  the  operation  of 
radio  fog-signaling  or  radio-beacon  stations,  based  upon  practical 
experience  obtained  during  actual  tests,  were  submitted  to  the 
Communications  Union  by  the  Bureau  of  Standards  for  inter- 
national consideration. 

S^KVics  or  Raiho  Bsacon  Stations 

Bach  administration  wUch  Bball  install  radio  beacoou  ahail  ofaoerve  the  toJSoviag 
conditions: 

Radki  beaocou  adopted  for  the  needs  at  navigation  shall  be  divided  into  three 
claatet: 

I.  Short-range  radio  beacons. 

a.  Long-range  radio  beacons. 

3.  Radio  beacons  on  shipboaid. 

The  tranamittiiig  wave  length  for  thcae  three  classes  of  beaoons  shall  be  1000  meters, 
apuk  or  intorupted  continuoua  waves. 

Short-range  shore  beacons  shall  be  limited  in  power  such  that  accuiate  radio  bear- 
ings can  be  taken  at  a  distance  of  30  miles.  During  fog  or  at  such  times  as  may  be 
determined  by  the  administration,  these  beacons  shall  transmit  characteristic  signals 
irtioae  form,  frequency,  and  tone  shall  be  fixed  by  the  administration. 

Long^ange  shore  beacons  ahall  be  limited  in  power  such  that  accurate  radio  bear- 
ings can  be  taken  at  a  distance  of  30a  miles.  These  long-rai^  beacons  shall  be  lim- 
ited in  number  and  ahall  operate  at  infrequent  intervals  during  fog  or  at  such  times 
as  may  be  determined  by  the  administration.  The  form,  fiequency,  and  tone  tA  the 
characteristic  signal  transmitted  by  these  statiatia  ahall  be  determined  by  the  ad- 
ministration- 
Radio  beaconson  shipboard  shall  be  limited  in  power  such  that  accurate  radio  bear- 
ings may  be  taken  at  a  distance  of  10  miles.  During  fog  or  thick  weather,  shipboard 
beacons  shall  transmit  duracteristic  signals  at  frequent  intervals  commendng  with 
the  call  signal  repeated  for  30  seconds  and  terminating  with  the  indication  of  the  ship  'a 
course  and  speed. 

Radio  beacons  on  permanently  moored  vessels,  such  as  light  ships,  shall  be  consid- 
ered as  shore  beacons. 

BuKSAu  o»  8tami>a&i>3  Radio  Laboratory. 

WASaiNOTON,  D.  C,  October  15, 1910. 

n.  the  radio  direction  finder 
1.  puhdamehtal  prdtciplbs 

The  fimdamental  radio  circuit  is  made  up  of  inductance  and 
capacity.  These  elements  appear  in  various  forms,  and  in  the 
ideal  circuit,  as  shown  diagrammatically  in  Fig.  i,  the  inductance 
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is  entarely  concentrated  or  lumped  in  the  coil  L,  and  the  capacity 
is  likewise  concentrated  or  lumped  in  the  condenser  C. 

Power  may  be  supplied  to  such  a  drcuit  either  by  applying  a 
resonant  voltage  across  the  condenser  C  or  by  inducing  a  resonant 
voltage  in  the  coil  L,  or  by  action  of  both  in  proper  phase  relation. 
In  the  ordinary  antenna  circuit,  as  used  in  present-day  radio 
commuoicaticm,  we  find,  generally  speaking,  that  the  inductance 
is  substantially  concentrated  in  the  form  of  a  coil  L,  and  that  the 
capacity  is  formed  by  a  conductor  or 
group  of  conductors  elevated  above  the 
ground,  the  elevated  conductors  forming 
one  plate  of  the  condenser  and  the  ground 
or  countopoise  forming  the  other  plate, 
as  shown  in  Fig.  2. 

It  may  be  said,  therefore,  that  energy  is 
received  in  the  ordinary  radio  antenna 
system  by  virtue  of  the  fact  that  itscapac- 
itj/is  exposed  to  the  incoming  electromagnetic  wave  or,  in  other 
words,  that  energy  enters  the  system  by  way  of  its  capacity,  there- 
after to  be  transferred  to  its  inductance.  The  electrical  capacity  of 
an  antenna  as  well  as  the  potential  impressed  upon  it  by  the  incom- 
ing electromagnetic  wave  depends  largely  upon  its  phjrsical  dimen- 
sions, generally  the  size  and  height  of  its  elevated  area  and  in  special 
types  of  antennas,  mainly  upon  the  length  of  the  antenna  wires. 

Referring  now  to  Fig.  3,  we  have  what 

may  be  considered  as  the  reverse  of  the 
antenna  system  shown  in  Fig.  2.  In  this 
case  energy  is  received  in  the  system  by 
virtue  of  the  fact  that  its  inductance  L  is 
exposed  to  the  incoming  electromagnetic 
wave  or,  in  other  words,  energy  enters  the 
system  by  way  of  its  inductance,  thereafter 
to  be  transferred  to  its  capacity. 
—Antttna  eomifting  The  inductance  of  CO0  L  depends  upon 
<^*yvoudconductor$(_co».  the  number  of  tums,  the  area  incIoscd,  and 
the  spacmg  of  the  turns.  The  ciurent  m 
the  receiving  circuit  depends  largely  upon  these  factors  as  well  as 
the  resistance  of  the  circuit.  For  given  physical  dimensions, 
however,  any  value  of  inductance  may  be  obtained  by  winding 
tiie  proper  number  of  tiuns  in  the  coil  L,  so  that  the  electrical 
dimensions  of  the  coil  system  are  not  so  dependent  upon  its  ph3rsi- 
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cal  dimensiotis  as  is  the  ordinary  antenna  system.  As  a  matter 
of  fact,  a  coil  system  of  very  small  dimensions  as  compared  with 
an  antenna  may  be  used  for  the  reception  of  radio  signals. 

Although  the  coil-receiving  system  is  superior  in  many  re^>ects 
to  the  antenna  system,  its  chief  advanta^  lies  in  its  directive 
properties.     If  the  coil  L  in  Fig.  3,  for  example,  is  rotat«l  about 
its  vertical  axis  ah,  the  received  si^al  intensity  from  any  given 
t,  source  of   transmission    will   vary   approxi- 

mately in  accordance  with  the  di^;ram  shown 
in  Fig.  4. 

Maximimi  signal  intensity  OP  or  OM  is 
obtained  when  the  plane  of  the  coil  L  lies  in 
the  direction  of  the  source  of  transmission  A 
or  B.  If  the  source  is  Jn  the  direction  C  ot 
D,  or  exactly  normal  or  at  right  angles  to  the 
plane  of  the  coil  L,  then  the  signal  intensity 
is  zero.  In  all  other  directions  the  intensity 
varies  in  accordance  with  the  figure-of-eight 
characteristics  in  Fig.  4.  For  example,  in 
directions  OE  or  OF,  OG  or  OH,  the  distances 
ON  OT  OQ  respectively  represent  the  relative  signal  intensities  as 
compared  with  the  maximum  OM  or  OP. 

It  is  immediately  apparent,  therefore,  that  if  the  coil  L  in  Fig. 
3  is  of  sufBdently  snull  dimensions  to  permit  rotation  about  its 
vertical  axis,  signals  transmitted  from  any  given  source  will  be 
received  with  gradually  varying  degrees^  of  intensity  until  the 
coil  becomes  normal  or  at  right  an^es 
to  the  direction  in  which  the  trans- 
mitting source  lies,  at  which  time  the 
signal  intensity  becomes  zero.  This 
position  of  silence  is  critical,  and 
therefore  may  be  used  to  indicate, 
with  great  accuracy,  the  line  of  direc- 
tion of  the  source. 

It  is  upon  these  simple  principles 
that  the  direction  finder  as  developed      '™™ 
at  the  Bureau  of  Standards  is  based.     The  theory  of  its  design  and 
operation  presents  a  number  of  interesting  problems,  however, 
and  it  is  not  until  these  problems  are  thOTOugbly  understood  that 
the  ideal  conditions  for  accurate  direction  finding  can  be  realized. 
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In  the  matter  of  design  it  is  of  importance  to  determine  under 
given  practical  conditions  the  number  of  turns  and  the  spacing  of 
the  turns  which  will  give  maximum  received  signal  intensity  for 
the  wave  length  or  range  of  wave  lengths  to  be  received. 

In  the  matter  of  operation  it  is  of  importance  to  obtain  as  nearly 
as  possible  the  ideal  figure-of-eight  characteristic  with  its  critical 
or  sharply  defined  position  of  zero  signal  intensity.  The  operating 
circuit  adjustments  and  the  method  of  reading  bearings  must  be 
simple  and  rapid. 


The  main  electrical  circuit  of  the  direction  finder  or  coil  receiv- 
ii^r  system  is  nothing  more  nor  less  than  a  simple  mdio  circuit 
containing  inductance,  resistance,  and 
capacity,  and  may  be  treated  as  such  in 
every  respect.  No  new  theory  enters 
into  its  electrical  behavior,  and  in  de- 
termining best  circuit  conditions  it  is 
only  necessary  to  define  the  practical 
requirements. 

Without  going  into  the  theory  in  great 
detail,  vre  shall  consider  for  the  purpose 
of  illustration  two  cases  involving  differ- 
ent initial  requirements.  In  both  cases  Pio.  5.— Cotj  • 
the  dimensions  of  the  coil,  the  number  of  ' 
turns,  and  the  spacing  between  turns  are 
fixed.  It  will  then  be  the  purposein  onecase  to  determine  the  wave 
length  or  range  of  wave  lengths  which  wiU  give  maximum  received 
current  in  the  coil  and  in  the  other  case  to  determine  the  wave 
length  or  range  of  wave  lengths  which  will  give  maximum  potential 
difference  across  the  tuning  condenser.  A  constant  source  of 
undamped  or  continuous  wave  transmission  will  be  assumed. 

Cash  I. — ^To  determine  the  wave  length  which  will  produce 
maximum  current  at  center  of  coil  Z^.    (See  Fig.  5.) 

Lj  -  20  turns,  4  feet  by  4  feet,  high-frequency  cable  48  strands 
No.  38  wire.     One-half  inch  separation  between  turns. 

i?— resbtance  of  circuit  measured  at  center  of  coil. 

O- effective  distributed  capacity  of  coil  i.,-  39  micromicro- 
farads. 

Cg  "  variable  tuning  condenser. 
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For  given  undamped  wave  transmission,  the  received  cmrent 
in  the  coil  Lg  may  be  expressed  in  terms  of  the  circuit  constants. 
AN  AN 

I  =  constant  X  „  /i^t^  =  constant X  -dtT 

where 

A  =  area  of  coU. 

N  =  number  of  turns. 

i?  =  resistance. 

L,  =inductance  of  coil. 

C,  =•  total  capacity  -  Cj  +  C,. 

X  -  wave  length  in  meters. 

Since  in  the  case  in  question  the  area  and  number  of  turns  are 
fixed  we  need  only  to  consider  the  variation  of  current  with 


3w  eoo  700  000  900  tooo         ma 

Fig.  6.-^R*tittana  varialion  11/ilh  wzve  tengUi  0/  a  X-lurn  coil 

resistance  and  wave  length.  This  involves  the  measurement  of 
the  high-frequency  resistance  of  the  coil,  and  if  the  current  were 
uniformly  distributed  throughout  the  coil  this  resistance  could 
be  measured  at  any  point  in  the  coil,  but  due  to  the  inherent 
distributed  capacity  of  the  coil  which,  although  very  small  as 
compared  to  the  tuning  condenser  capacity  at  the  longer  wave 
lengths  when  the  tuning  condenser  is  large,  has  appreciable 
effect  at  the  shorter  wave  lengths  when  the  tuning  capacity  is 
small,  the  resistance  should  be  measured  with  reference  to  the 
part  of  the  coil  in  which  the  current  is  to  be  determined.  In  this 
case  the  current  at  the  center  of  the  coil  will  be  determined  and 
therefore  the  resistance  measurements  are  made  at  the  center. 
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The  resistance  variation  with  wave  length  thus  measured  is 
shown  in  Fig.  6  and  the  calculated  data  for  the  current  variation, 

proportional  to  ^,  is  given  in  Table  i . 

TABLE  1.— Dita  for  Case  1 


(MUn) 

""^r^- 

(Mnu) 

550 

M 

S.M 

31« 

m 

101 

4.M) 

M7 

MO 

145 

3.TJ 

310 

m 

IW 

3.13 

an 

MG 

2.7J 

404 

1000 

ZM 

2.10 

4m 

1100 

3U 

1.40 

»a 

uoo 

413 

I.U 

3H 

The  current  variation  is  shown  in  Fig.  7,  and  it  will  be  seen 
that  maTtinnim  current  is  obtained  at  a  wave  length  of  900  meters. 


Flo.  7. — Rtcthti  enntnt  variatioH  with  n 
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This  case  serves  as  an  example  of  a  practical  case  where  the 
detector  circuit  is  associated  inductively  with  the  coil  L,  and 
preferably  at  the  center  of  the  coil,  and  if  it  be  assumed  that  no 
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appreciable  increase  in  resistance  is  introduced  because  of  the 
loosely  coupled  detector  circuit,  then  the  coil  S3r5tem  above  de- 
scribed would  function  with  maximum  efficiency  when  receiving 
a  wave  length  of  900  meters. 

Cask  2. — Maximum  potential  at  terminals  of  condenser. 

Due  to  the  distributed  capacity  of  the  coil  and  the  consequent 
noniuiiform  distribution  of  current  through  the  coil  at  the  shorter 
wave  lengths  this  case  presents  somewhat  more  difficulty  in  its 
treatment  than  case  i.  However,  the  data  given  in  what  fol- 
lows will  serve  sufficiently  well  for  the  purpose  intended  even 


Flo.  Z.—PoUttHal  variation  %nA  vmn  Ungth  at  anuUmtr  Itrnmub 

though  certain  assumptions  will  be  made  ftn-  the  sake  of  sim- 
plicity whidi  are  not  otherwise  strictly  justified. 

The  requirement  of  maximum  potential  difference  at  the  ter- 
minals of  the  condenser  is  of  importance  in  the  pr^tical  case 
where  a  three-electrode  electron  tube  or  audion  is  connected 
thereto.  The  problem  is  then  further  complicated  by  the  effects 
upon  the  circuit  produced  by  virtue  of  the  characteristics  of  the 
electron  tube.  "Hiese  effects  vary  with  the  operating  character- 
istics of  the  tube  circuits  and  hence  unless  one  has  an  accurate 
knowledge  of  how  the  electron  tube  with  its  auxiliary  apparatus 
will  modify  the  coil  system  under  all  conditions,  no  accurate 
nor  definite  determination  of  the  conditions  for  maximum  poten* 
tial  difference  can  be  made. 
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Let  us  take  by  way  of  example  the  case  wherein  it  is  desired 
to  determine  the  variation  with  wave  length  of  the  voltage  at 
tiie  terminals  of  the  condenser  in  the  coil  system  described  in 
case  I.  The  assumption  will  be  made  that  the  distributed  capac- 
ity of  the  coil  Lo,  Fig.  5,  can  be  represented  as  a  perfect  con- 
denser Cj  in  parallel  with  the  perfect  tuning  condenser  C„  giving 
a  total  capacity  C^  —  Cd+Cg.  Furthermore,  it  will  be  assumed 
that  the  current  variation  with  wave  length  in  the  combined 
condenser  paths  will  be  as  determined  in  case  i  and  shown  by 
the  curve  in  Fig.  7. 

Then  if /- constant  X -^ 

/  AN  A  NT 

thenJS;-^ constant  x^ -constant  X- 


RV 


For  the  case  in  question  where  A,  N,  and  L  are  given  and 
remain  constant, 

1 


Kc  —  constant  x  r 


TABLE  2.— Data  far  Cue  2 
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This  variation  of  voltage  with  wave  length  is  given  by  the  curve 
A  in  Fig.  8,  which  shows  that  the  maximum  potential  is  obtained 
across  the  capaciQr  of  the  coil  ^stem  when  receiving  a  wave  length 
of  about  550  meters. 

In  the  practical  case  this  condition  would  be  true  if  the  detecting 
apparatus  connected  to  the  terminals  of  the  condenser  were  piuely 
potentially  operated  and  absorbed  no  energy  from  the  coil  system. 
The  above  example,  therefore,  serves  to  illustrate  the  practical 
conditions  which  would  exist  in  the  case  where  a  vacuum  tube 
circuit  having  zero  input  resistance  is  connected  to  the  con- 
denser C,. 
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The  potential  variations  with  wave  length  for  cases  where  the 
input  resistance  of  the  electron-tube  circuit  has  an  appreciable 
positive  value,  which  it  will  be  assumed  remains  constant  over 
the  wave-length  range,  are  shown  in  Fig.  8  by  curves  B,  C,  and  D. 

The  data  from  which  these  curves  were  drawn  were  obtained 
by  considering  the  input  circuit  of  the  electron  tube  as  equivalent 
to  a  capacity  Ci  in  series  with  a  resistance  Ri.  The  complete  coil 
system  may  then  be  shown  as  in  Fig.  9. 

Having  obtained  the  coil  circuit  resistance  R  for  various  wave 
lengths  by  measurement  as  in  case  i,  the  effective  increase  in 
circuit  resistance  ^R  due  to  the  input  resistance  Rt  may  be  cal- 
culated from  the  formula: 


©• 


AR  =  RtX 


where  C,  is  the  total  capacity  Cj  4-  C„  +  Ct- 

Here  again  the  assumption  is  made  that  the  capacities  d  and 
C,  are  in  the  nature  of  perfect  condensers  and  that  currents  in  the 
three  condenser  branches  are  substan- 
tially in  phase. 

In  Fig.  8,  curves  B,  C,  and  D  give  the 
variation  with  wave  length  of  the  voltage 
across  a  condenser  C,  -"  Cj  -I-  C^  -(-  Q,  when 
the  coil  circuit  resistance  is  R+AR,  R 
being  given  by  the  curve  in  Fig.  6  and 
AR  being  calculated  for  Rt  —  ioo  ohms 
for  case  B,  300  ohms  for  case  C,  and  600 
ohms  for  case  D. 

The  value  of  Rf  in  practice  depends,  of 
course,  upon  the  type  of  electron-tube 
circuits  employed  and  the  operating  adjustments  used  for  each 
wave  length.  In  fact,  when  the  inductance  in  the  plate  circuit 
becomes  larger  than  a  certain  value  a  reduction  of  circuit  resistance 
is  effected;  that  is,  AR  becomes  negative. 

It  is  seen,  therefore,  that  the  design  of  a  coil  system  in  which 
the  electron-tube  apparatus  is  to  be  directly  connected  across  the 
tuning  condenser  is  thoroughly  dependent  upon  the  character- 
istics and  adjustments  of  the  electron-tube  circuits.  Generally 
speaking,  however,  best  receiving  efficiency  for  a  given  coil  is 
obtained  at  the  shorter  wave  lengths  where  small  condenser 
capacities  are  required.     For  example,  in  the  case  of  the  20-tum 
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coUbereuidescribcd,  forwhichlet  us  takeoirve  A  in  P^.  8  asbe- 
ing  a  fair  representation  of  a  practical  case,  it  is  seen  that  a  receiv- 
ed wave  length  of  between  500  and  600  meters  will  give  maximum 
^ect.  The  natural  wave  length  of  the  coil  as  determined  by  its 
inductance  and  distributed  capacity  is  approximately  400  meters. 

3.  OPERATION 

Naturally  the  operation  of  the  coil  system  as  a  direction  finder 
depends  upon  its  design,  and  although  it  is  desirable  to  obtain  as 
nearly  as  possible  the  conditions  for  maximum  receiving  efficiency, 
good  direction-finding  characteristics  are  of  first  importance.  Best 
receiving  conditions  are  often  obtained  at  wave  lengths  close  to 
the  natural  wave  length  of  the  coil  when  using  the  voltage  operated 
detector  system,  but  under  these  condi- 
tions good  direction-finding  qualities  are 
not  generally  obtained. 

An  important  factor  which  up  to  this 
point  has  not  been  considered  enters  into 
the  operation  of  the  coil  system,  particu- 
larly in  its  use  as  a  direction  finder.  This 
has  to  do  with  the  effects  produced  in  the 
coil  system  by  virtue  of  the  fact  that  the 
coil  structure  has  an  appreciable  capacity 
to  earth.  Furthermore,  the  entire  ccril  ' 
system,  including  the  detector  dicuits,  con- 
nected thereto,  is  electrically  unsymmet- 
rical  with  respect  to  earth.  This  results 
in  a  distortion  of  the  ideal  figure-of-eight  signal  intensity  char* 
acteristic  obtained  by  rotation  of  the  coil  about  its  vertical  axis. 
The  critical  position  of  zero  signal  intensity  no  longer  exists 
and  the  directive  qualities  of  the  coil  system  are  obscured. 

An  examination  of  Fig.  10  will  show  that  the  electron-tube  cir- 
cuit connected  to  the  condenser  Cg  will  be  operated  upon  by  the 
potential  across  the  condenser  as  produced  by  the  current  received 
in  the  coil  X,  by  the  direct  action  upon  the  coil  of  the  incoming 
electromagnetic  wave.  It  will  also  be  operated  upon  to  a  lesser 
extent  by  the  voltage  applied  to  the  electron  tube  due  to  direct 
action  upon  it  (tf  the  incoming  wave  through  the  earth  capaci- 
ties Cf.  Furthermore,  because  of  the  electrically  unsymmetrical 
relation  of  the  coil  system  with  respect  to  earth,  an  appreciable 
current  will  be  set  up  in  the  coil  circuit  by  the  incoming  wave 
acting  through  the  earth  capacities  Q.    The  potential  produced 


Fig.  10. — Coil  anUnna  circuit, 
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by  this  current  across  the  condenser  Cg  will  likewise  operate  upon 
the  electron  tube. 

The  ideal  figure-of-e^ht  signal  intensity  characteristic  is  there- 
fore distcniied  by  these  additional  effects,  the  degree  of  distortion 
depending  upon  their  relative  magnitudes.  In  jH'actice  it  often 
happens  that  the  signal  intensity  produced  by  direct  action  through 
the  earth  capacity  is  sufficient  to  destroy  the  critical  zero  signal 
characteristic  of  the  coil  when  its  plane 
is  at  right  angles  to  tiie  incoming 
wave  front.  This  effect  is  illustrated 
by  Fig.  II,  in  which  the  dotted  tan- 
gential circles  or  figure-of-cigjit  repre- 
sents the  ideal  variations  of  signal 
Flo.  II.— Coil  ciuractmfUc,  tiov-  intensity  for  various  positions  of  tiie 

''rtA^'*^''**'  "^"  **'^*  "^  ^^  respect  to  a  given  source, 

ta     eapacay  ^^^  ^^   Small  cjrcle  represents  the 

variation  of  signal  intensity  fm>duced  by  direct  action  through  the 
earth  capacities.  It  is  seen  that  this  signal  is  independent  of  ccnl 
position.  Furthermore,  it  is  produced  by  a  voltage  which  is  in 
quadrature  with  the  condenser  voltage  ■w*ich  produces  the  figure- 
of -eight  signal  variation.  The  characteristic  shown  in  full  line  is 
therefore  the  resultant  effect. 

The  further  effect  produced  by  the  voltage  operating  upon  the 
electron  tube  as  the  result 
of  a  current  set  up  in  the 
coil  by  the  action  of  the  in- 
coming wave  through  the 
earth  capacity  is  shown  in 
Fig.  12. 

In  this  case  the  constant 
signal  intensity  represented 
by  the  small  circle  is  pro- 
duced by  a  voltage  which 
is  either  in  phase  or  180* 
out  of  phase  with  the  condenser  potential  giving  the  figure-of- 
eight  signal  characteristic,  depending  upon  the  relative  posi- 
tion of  the  coil  with  respect  to  the  incoming  wave.  The  resultant 
characteristic  is  given  by  the  full-Une  figure.  It  will  be  noted 
that  the  positions  of  zero  signal  intensity  are  no  longer  at  r^^t 
angles  to  the  plane  of  the  coil,  nor  do  they  coincide  with  the 
axis  of  the  coil  as  in  the  ideal  case.    This  is  a  very  common  occur- 
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rence  in  practice  which  leads  to  considerable  annoyance  if  not 
properly  taken  care  of. 

Finally,  we  have  in  Fig.  13  a  representation  of  the  signal  varia- 
tion characteristic  which  results  when  both  effects  described  with 
reference  to  Figs.  1 1  and  1 2  are  present- 

For  accurate  direction  finding  such  conditions  can  not  be  tol- 
erated, and  means  must  therefore  be  applied  to  minimize  or  en- 
tirely eliminate  these  undesirable  effects. 

First  of  all,  it  is  essential  to  avoid  using  the  direction  finder  at 
or  near  the  natural  wave  length  of  the  coil  where  the  above- 
described  effects  are  likely  to  be  magnified.  At  the  same  time 
receiving  efficiency  must  not  be  sacrificed  to  too  great  an  extent. 

The  complete  solution  of  the  problem  depends  upon  obtaining 
exact  electrical  symmetry  of  the  entire  coil  system,  including 
the   auxiliary  electron-tube    appa- 
ratus, with  respect  to  earth. 

The  capacity  with  respect  to 
earth  of  a  direction-finder  coil  de- 
pends upon  its  physical  dimensions 
and  its  height  above  earth.  For  a 
coil  of  given  area  and  placed  at  a 
given  height  above  earth,  this  ca-  ^^  ,,,-R^uani  a^i  ci,.,oci,H^ 
pacity  will  vary  with  the  spacing 

of  the  turns.  If  the  windings  of  the  coil  are  widely  separated, 
the  axial  length  of  the  coil  is  great,  and  its  capacity  to  earth  is 
increased. 

In  Fig.  14  the  variation  of  capacity  to  earth  with  sp^lcing  of 
turns  for  a  coil  5  by  5  feet  wound  wilii  12  turns  is  given  for  two 
cases.  Curve  i  gives  the  value  of  earth  capacity  for  various 
spacings  when  the  coil  was  2  feet  above  earth  and  curve  2  when 
5  feet  above  earth. 

In  determining  the  best  spacing  of  turns  in  the  matter  of  de- 
sign there  are,  therefore,  two  factors  to  be  considered.  The  dis- 
tributed capacity  of  the  coil  and  hence  its  natural  wave  length 
must  be  reduced  by  separating  the  windings.  However,  this 
should  not  be  carried  so  far  as  to  make  the  axial  length  and  hence 
the  capacity  to  earth  too  great. 

As  stated  above,  for  direction-finding  purposes  the  coil  system 

should  be  electrically  symmetrical  with  respect  to  earth.    This 

condition  can  be  brought  about  by  proper  adjustment  of  the 

condensers  C,  and  C,  in  Fig.  15.     Furthermore,  the  condensers 
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C„  C„  and  C„  together  with  all  other  auxiliary  apparatus,  should 
be  shielded  as  shown  by  S. 

The  electrical  symmetry  can  further  be  improved  by  avoiding 
direct  connection  of  the  electron  tube  to  the  circuit  as  shown  in 
Fig.  16.     In  this  case  the  electron  tube  is  connected  to  the  second- 


Fio.  14. — Variaium  ^  coil  capacity  to  tatUt  ivitit  tpadng  cf  turns 

ary  winding  of  a  suitable  transformer,  the  primary  of  which  is 
connected  to  the  condenser  Co. 

The  arrangement  shown  in  Fig.  17,  wherein  a  double-grid  and 
doubk-plate  electron  tube  is  used,  affords  excellent  symmetry. 

In  any  case  it  is  of  the  greatest  importance  that  the  electron-tube 
system  which  in  practice  usually  consists  of  a  detector  tube  with 
one  or  more  stages  of  radio  and  audio  amplification  shall  be 
operated  upon  only  by  the  direct  action  of  the  inconung  wave  upon 
the  coil  Z-o. 

4.  UmDOtBCnONAL  CHARACTERISTICS 

The  rotatable  coil  system  with  its  critical  position  of  zero  signal 
intensity  is  a  direction  finder  to  the  extent  that  the  hne  of  direc- 
tion in  which  a  radio  transmitting  source  lies  can  be  accurately 
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to.  15. — Circuit  stunning 
mithod  of  obUsining  sym- 
mttry  o^  coil  capacity  to 
earth,  tuing  balancing  con- 


detennined.  The  sense  of  direction,  however,  is  not  indicated; 
that  is  to  say,  it  is  known  that  the  source  lies  on  the  axis  of  the  coil 
but  it  is  not  known  whether  it  lies  to  one 
side  or  the  other  of  the  plane  of  the  coil. 
To  provide  simple  means  of  determin- 
ing the  sense  as  well  as  the  line  of  di- 
rection is  of  practical  importance,  for 
example,  in  locating  and  proceeding  to 
the  aid  of  a  ship  in  distress. 

By  accentuating  and  utilizing  the  effect 
described  in  connection  with  Fig.  1 2  where 
the  received  signal  results  from  the  com- 
bined effects  of  the  current  set  up  in  the 
coil  by  direct  action  of  the  incoming 
wave  together  with  that  prodiK%d  indi- 
rectly through  the  earth  capacity,  a  uni- 
directional characteristic  may  be  obtained 
by  virtue  of  which  the  sense  of  direction  is  readily  determined. 
This  can  be  accomplished  by  the  ^stem  shown  in  Fig.  18,  in 
which  a  tuning  inductance  Lg  is  inserted  in  the  earth  connection 
between  the  condensers  C,  and  C,.  If  now,  the 
electrical  symmetry  of  the  coil  system  with 
respect  to  earth  is  upset  by  reducing  the  capacity 
C,  and  increasing  the  capacity  C,  or  vice  versa,  a 
current  will  be  set  up  in  the  coil  La  by  indirect 
action  through  the  tuned  path  including  Lg  and 
Cg.  The  signal  intensity  produced  by  this  cur- 
rent is  independent  of  the  relative  position  of 
the  coil  Lo  with  respect  to  the  transmitting  source 
and  may  be  made  equal  to  that  produced  by 
direct  action  upon  coil  L^  when  its  plane  is  in 
the  line  of  direction  of  the  source.  Because  of 
^tfatr^^flf  the  phase  relation  of  the  currrats  set  up  in  coil  Lo 
"J^'^oit'Jp^  *^  signal  intensities  resulting  therefrom  will  be 
ify  to  tank,  luing  accumulative  or  differential  depending  upon 
whether  the  source  of  transmission  is  at  A  or  at 
B  in  Fig.  19.  This  unidirectional  effect  may  be 
utilized  for  the  purpose  of  determining  the 
sense  of  direction  of  a  transmitting  source.  For  example,  if  the 
direction  of  a  source  of  transmission  is  found  to  be  in  the  line  AB, 
Fig.  19,  the  fact  that  it  is  at  B  and  not  at  A  is  determined  by 
observing  the  direction  indicated  by  the  arrow  S  attached  to  the 
coil  La,  when  maximum  signal  is  obtained. 
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Another  method  of  accomplishing  the  same  result  without  dis- 
turbing the  electrical  symmetry  of  the  coil  system  with  respect 
to  earth  is  shown  in  Fig.  20.  In  this  case  the  indirect  action 
upon  the  coil  circuit  L,,  Co  is  produced  by  inductively  coupling 


Fig.  18. — Unidirectional  coil 
anUnna  lyttttn,  luing  «*- 


Fig.    17. — I/j*  of  double-grid 
tube  to  obtain  symmetry  of 


the  earth  circuit  Lg  Cg  to  the  coil  circuit  through  the  coupling 
coils  Ig  and  i,.  In  order  to  maintain  electrical  symmetry  the 
coil  /i  is  used  to  balance  the  effect  of  the  similar  coil  i,. 

In  the  system  described  in  connection  with  Fig.  19,  the  unidi- 
rectional characteristic  is  controlled  entirely  by  adjusting  the 
condensers  C,  and  C,  in  opposite  sense,  while  in  that  shown  in 
Fig.  20  it  is  controlled  by  the  degree  of 
coupling  between  coils  /,  and  Ig. 

TTie  receiving  eflSdency  of  tiie  earth 
circuit  Lg  C^  is  in  some  cases  not  suffi- 
cient to  prodtice  complete  tmidirectional 
effect  as  shown  in  Fig.  19.  This  diffi- 
cidty  can  be  corrected  by  utilizing  an 
additional  capacity  area  in  combination 
with  the  coils  L^  as  shown  in  Fig.  21  in 
which  the  capaci^  area  A  is  connected 
to  the  middle  point  of  the  ccdl  L,  thereby  increasing  the  earth 
capacity  Cg  and  maintaining,  when  desired,  perfect  electrical 


FiO.  19. — Vntdireclionalcoilchar- 


symmetry. 


5.  BZPKOBIBHTAL  RESULTS 


A  large  number  of  tests  have  been  conducted  to  determine  the 
accuracy  of  the  coil  system  herein  described  when  used  as  a  direc- 
tion finder.     For  example,  in  Fig.  22  results  of  field  tests  are 
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shown  wherem  the  direction  of  a  transmitting  source  located  at 
the  Bureau  of  Standards  was  observed  by  means  of  a  portable 
direction  finder  set  up  at  various  points  in  the  vicinity  of  the 
Bureau. 

It  will  be  seen  upon  examination  of  Fig.  22  that  with  the  ex- 
ception of  two  cases  the  direction  of  the  source  was  observed 
with  considerable  accuracy.  Observations  made  at  the  north 
end  of  the  Sixteenth  Street  bridge  and  at  the  intersection  of 
Ingomar  Street  and  Belt  Road  gave  directions  several  degrees 
out.  These  locations  were  purposely  chosen  in  order  to  show  the 
distorting  effect  upon  the  wave  front  of  large  structures  and  of 
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Fig.  3 1 . — Unidirectional  mil  antemia 
tyslem,     uting    tlnattd    capacity 


PlQ.  ao. — Umdirectioital  aril  an- 
tenna lyitem,  tuing  balanced 
ttulhod  and  coupling 

telephone  and  power  lines.  In  all  other  cases  care  was  taken  in 
choosing  locations  free  from  obstructions,  although  in  several 
cases  the  direction  finder  was  set  up  tn  rather  thickly  wooded 
sections.    Trees  apparently  have  little  distorting  effect. 

The  portable  direction  finder  used  in  these  tests  was  designed 
and  constructed  at  the  Bureau  of  Standards.  It  has  several 
interesting  features  and  is  veiy  convenient  for  field  work.  The 
coil  is  wound  in  two  sections  of  five  turns  each  sewed  in  water- 
proof canvas.  A  switch  is  provided  by  means  of  which  the  five- 
turn  sections  may  be  connected  either  in  parallel  or  series.  With 
a  tuning  condenser,  having  a  maximum  capacity  of  approximately 
one-thousandth  microfarad,  a  wave-length  range  of  from  300  to 
1500  meters  is  thus  readily  obtained. 
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Several  views  of  the  portable  direction  finder  are  shown  in 
Figs.  23,  24,  and  25.  In  Fig.  35  the  m^netic  compass  needle 
and  degree  scale  are  shown. 

When  setting  up  the  direction  finder  the  zero  degree  mark  of 
the  scale  is  set  to  coincide  with  the  magnetic  north-and-south 
line  and  the  scale  then  clamped.     The  direction  of  the  transmit- 


3-  tMT 
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ting  source  is  thm  observed  by  rotating  the  coil  to  the  position  of 
critical  silence  at  which  position  the  scale  reading  is  noted.  The 
direction  of  the  source  is  thus  given  with  respect  to  magnetic 
north. 

Coining  back  now  to  the  matter  of  wave  distortion  caused  by  the 
proximity  of  lai^e  metallic  structures  and  other  energy-absorbing 
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systems,  it  is  of  interest  to  study  the  results  obtained  in  the  case 
where  observations  of  direction  were  made  near  the  Washington 
Monument.  The  Monument  is  about  555  feet  high  and  has 
within  it  an  efcvator  and  stairvray  which  form  what  may  be  con- 
sidered as  a  fairly  efficient  antenna. 
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Flo.  >6. — DUtoTivm  of  radio  wavtt  eanud  by  WaihingtoH  Monument 

The  results  of  tests  made  near  the  Monument  are  given  in 
Figs.  26  and  27,  which  are  self-explanatory. 

An  interesting  fact  is  brought  out  by  the  curves  given  in  Fig. 
26,  which  show  that  maximum  distortion  occurs  at  a  wave  lenglii 
of  about  800  meters.  This  is  apparently  the  natural  wave  length 
of  the  Monument.  In  other  words,  the  Monument  considered  as 
an  antenna  is  in  resonance  or  in  tune  at  this  wave  length. 
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Another  interesting  case  is  given  in  Fig.  28  which  shows  the 
distorting  effects  of  a  tuned  antenna  upon  the  incoming  wave  as 
observed  at  various  distances  from  the  lead-in  wire  of  the  antenna, 
indicated  by  positions  i,  2,  3,  and  4  in  the  figure.  The  dimensions 
of  the  antenna  were  small  as  compared  with  the  wave  length  used 
in  this  test,  and  when  the  antenna  was  out  of  tune  no  distorting 
effects  were  observed  even  at  position  i. 
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Via.  37. — Wave  diitortion  at  62§  nuitri  earned  by  Wathinglon  Momonent 

Although  the  experiments  briefly  described  above  were  con- 
ducted under  more  or  less  exaggerated  conditions,  they  serve 
nevertheless  to  show  that  great  care  must  be  taken  in  locating 
direction-finding  stations  on  land  and  that  in  cases  where  dis- 
torting structures  or  systems  can  not  be  avoided  a  calibration  of 
the  direction  finder  must  be  made  in  order  that  the  proper  cor- 
rections may  be  applied  to  the  observations  taken  under  given 
conditions.  This  matter  of  calibration  will  be  discussed  in  greater 
detail  in  the  following  section  in  which  the  use  of  the  direction 
finder  on  shipboard  is  described. 
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m.  NtACnCAL  API^ICATIOir  TO  NAVIGATION 

Although  the  coil  receiviiig  system  and  direction  finder  have 
been  effectively  used  for  many  practical  purposes,  particularly 
during  the  war,  its  application  to  navigation  is  perhaps  the  most 
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important,  and  it  was  originally  for  this  purpose  that  its  develop- 
ment was  undertaken  by  the  Biireau  of  Standards. 

The  first  practical  tests  of  the  radio  fog-signaling  £md  radio 
direction-finding  system  were  begim  in  1916  when  the  Navesink 
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Hght  station  at  Atlantic  Highlands,  N.  J.,  was  equipped  with  an 
automatically  operated  radio  transmitting  set.  At  the  same  time 
a  direction  finder  was  installed  on  the  lighthouse  tender  Tvlip. 

The  transmitter  installed  at  Navesink  is  shown  in  Fig.  29.  A 
transmitting  coil  consisting  of  three  tmns  10  feet  square,  shown  in 
Fig.  30,  was  used  instead  of  the  customary  antenna. 

The  results  obtained  in  these  early  tests  were  very  successful, 
but  further  progress  was  stopped  because  of  the  war.  Immedi- 
ately after  the  armistice,  however,  this  work  was  revived,  and  in  the 
fall  of  1919  more  elaborate  tests  were  made  in  Chesapeake  Bay. 

For  these  tests  the  hghthouse  tender  Arbutus,  shown  in  Fig.  31, 
i>vas  equipped  with  an  experimental  type  of  direction  finder,  shown 
in  Fig.  32.  Three  lighthouses,  namely,  Smith  Point,  Windmill 
-Point,  and  Wolf  Trap,  were  equipped  with  radio  transmitters,  two 
of  the  rotary  spark  type  and  one  of  the  electron-tube  type.  The 
maximum  sending  range  of  these  signaling  stations  was  only  about 
20  miles  as  their  radiating  power  was  limits  by  the  size  of  the 
antennas,  which  it  will  be  seen  in  Fig.  35  was  necessarily  small. 

Considerable  attention  was  given  during  these  tests  to  the 
matter  of  calibration  of  the  direction  finder  in  order  to  determine 
the  nature  and  magnitude  of  wave  distcnlion  caused  by  the 
metallic  mass  of  the  ship.  All  calitnations  were  made  with  the 
ship's  radio  antenna  out  of  time  with  the  signaling  wave  length 
and  grounded  to  the  ship's  hull  so  that  it  became  essentially  a  part 
of  the  metallic  mass  of  the  ship,  which,  taken  as  a  whole,  had  an 
electrical  period  far  different  from  that  of  the  signaling  wave. 

The  dimrtion  finder  was  placed  approximately  amidships  .and 
on  its  center  line  so  that  the  mass  of  the  ship  was  approximately 
symmetrically  arranged  with  respect  to  the  direction  finder. 
Under  these  conditions  calibration  or  correction  curves  were  ob- 
tained as  shown  in  Fig.  33.  It  is  seen,  therefore,  that  the  radio 
direction  finder  on  shipboard  requires  calibration  just  as  does  the 
ship's  magnetic  compass.  A  coirection  must  be  applied  to  the 
observed  radio  direction,  either  added  or  subtracted  and  varying 
in  amount  from  zero  to  a  maximum  depending  upon  the  fore-and- 
aft  positions  of  the  ship  with  respect  to  the  direction  of  approach 
of  the  signaling  wave. 

To  illustrate  the  accuracy  with  which  the  position  of  a  ship  may 
be  determined  by  means  of  the  direction  finder,  there  is  shown  in 
Fig.  34  an  actual  case  in  which  radio  bearings  were  taken  on  the 
A  rbvius  from  each  of  the  three  signaling  stations  or  radio  beacons. 
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I'lO.  ^i.— Lighthouse  Under  "Arhutus."  skaaing  ex- 
fcrimenliil  type  of  diralion  finder  put  aft  of  pilot 
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The  intersection  of  these  bearings  drawn  on  the  chart  from  each 
of  the  light  stations  gives  the  observed  position  of  the  ship.     A 
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fotirth  check  bearing  taken  from  the  naval  radio  station  at  Nor- 
folk is  also  shown.  The  actual  position  of  the  ship  was  at 
buoy  lo  C. 
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Pig.  34. — AOual  east  ef  tnatigulaiion  /roM  tim  tkr**  Chetaptak*  Bay  radio 
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Fig.    35.-  Smilh    I'oint   Lighthouse  .yuippoi   e 
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The  success  of  the  ChesapealK  Bay  tests  has  led  to  the  perma- 
nent  installati<m  of  radio  fog-signaling  equipment  on  the  Fire 
Island  and  Amtm^ee  Channel  light  ve^els,  and  at  the  Sea  Girt 
light  station  on  the  New  Jersey  coast  below  Asbury  Park.  The 
Sea  Girt  radio  beacon  station  is  shown  in  Fig.  36  and  the  signaling 
apparatus  in  Fig.  37.  The  radio  transmitter  is  of  the  quenched- 
spaik  type  supplied  from  a  soo-cycle,  i-kw  generator.  The 
automatic  signaling  system  is  shown  to  the  right  of  the  figure  and 
is  designed  to  transmit  a  characteristic  signal  consisting  of  three 
dots  sent  out  in  rapid  succession  at  frequent  intervals.  The  Fire 
Island  and  Ambrose  Channel  light  vessels  are  equipped  with 
similar  apparatus,  but  having  different  signal  characteristics. 

Dot-signal  characteristics  have  been  adopted  because  of  the 
ease  with  which  they  can  be  distinguished  by  the  observer  who 
may  not  be  a  radio  operator.  The  signal  characteristic  of  the 
Fire  Island  light  vessel  is  two  dots  sent  out  in  rapid  succession 
and  that  of  the.  Ambrose  Channel  light  vessel,  single  dots.  In 
each  case  the  signaling  station  transmits  for  a  given  interval  of 
time  and  then  remains  silent  for  a  given  interval  of  time,  these 
time  intervals  being  different  for  each  station.  The  wave  length 
used  is  1000  meters  which  has  been  tentatively  chosen  by  inter- 
national agreement  It  is  possible,  however,  that  it  will  be  fotmd 
necessary  in  cases  where  the  three  radio  beacons  are  comparatively 
close  together,  to  use  wave  lengths  slightly  different  from  each 
other,  as,  for  example,  950,  1000,  and  1050  meters,  in  order  to 
overcome  the  difficulty  of  interference,  althou^  in  general  this 
difficulty  is  satisfactorily  solved  by  the  proper  choice  of  the  signal- 
ing and  silent  periods  for  each  stati<m.  The  signaling  apparatus 
as  installed  on  the  Fire  Island  and  Ambrose  Channel  Ught  vessels 
is  entirely  automatic  in  its  operation  and  is  designed  to  be  operated 
by  the  personnel  of  the  station  with  only  occasional  inspection 
by  a  radio  engineer  attached  to  the  office  of  the  superintendent 
of  the  lighthouse  district. 

As  an  example  of  a  direction-finder  equipment  for  shipboard 
installation,  that  of  the  lighthouse  tender  Tulip  is  of  interest  and 
will  be  described  in  connection  with  the  results  obtained  in  a 
series  of  tests  conducted  during  the  summer  and  fall  of  1920. 

The  direction-finder  coil  is  shown  in  Fig.  38  and  consists  of  11 
turns  of  insulated  wire  wound  on  a  rigid  skeleton  frame  4  feet 
square.  The  coil  is  attached  to  a  shaft  Triiich  extends  into  the 
pilot  house  through  suitable  bearings  and  which  is  supported  on 
ball  bearings  in  order  to  permit  ease  and  uniformity  of  rotation. 
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Another  view  of  the  direction-finder  ccol  is  shown  in  Fig.  39 
where  it  is  seen  directly  over  the  pilot  house  and  on  the  center 
line  of  the  ship.  Hie  interior  view  of  the  pilothouse,  Fig.  38, 
illustrates  the  method  of  attaching  the  direction  finder  to  the 
binnacle  carrying  the  m^netic  compass.  By  means  of  this 
arrangement  radio  bearings  are  observed  in  a  simple  and  direct 
manner.  The  exterior  coil  is  rotated  from  within  the  pilot  house 
by  means  of  a  handwheel,  and  the  bearing  of  the  signaling  station 
is  read  directly  on  the  magnetic  compass  card.  In  Fig.  40  the 
captain  of  the  Tulip  is  seen  taking  the  radio  bearing  of  the  Fire 
Island  light  vessel. 

A  calibration  or  correction  curve  for  the  Tulip  direction  finder 
was  obtained  by  taking  simultaneous  visual  and  radio  bearings 
on  one  of  the  li^t  vessels  while  the  Tulip  made  a  circular  course 
at  a  distance  of  a  few  miles  from  the  li^t  vessel.  Tliis  correction 
curve  is  shown  in  Fig.  41,  and  it  will  be  noted  that  it  approaches 
very  nearly  a  sine  curve.  It  will  be  noted  further  that  maximum 
deviation  from  true  direction  occurs  when  the  direction  of  approach 
of  the  signalii^  wave  is  appronmately  at  45°  with  the  ship's 
center  line;  that  is,  when  the  mass  of  the  ship  assumes  an  un- 
symmetrical  relation  with  respect  to  the  approaching  wave  frcmt. 
In  the  fore-and-aft  direction  and  directly  abeam  the  deviation  is 
zero  or  nearly  so  because  of  the  more  or  less  symmetrical  atrai^ie- 
ment  of  the  ^p's  mass  with  respect  to  the  direction  of  ap}»tiach 
of  the  wave  front.  This,  of  course,  holds  true  only  when  the 
direction  finder  is  located  approxinuitely  amidships. 

Once  the  correction  curve  has  been  obtained  for  the  particular 
wave  length  assigned  to  the  radio  fog-signaling  stations  or  radio 
beacons,  a  correction  scale  may  be  made  in  accordance  with  the 
curve,  which,  if  attached  to  the  binnacle  as  shown  in  Fig.  42, 
provides  convenient  means  for  reading  the  bearing  and  correction 
simultaneously. 

The  electrical  circuit  of  the  direction  finder  is  given  in  Fig. 
43.  The  variable  condenser  C„  together  with  the  coil  L,  ftam 
the  main  receiving  circuit  whi^  is  tuned  to  the  signaling  -wan 
length.  Connected  across  the  condenser  C„  either  directly  or 
through  a  potential  transfcnmer  P,  is  the  vacuum  tube  amplifying 
and  detecting  apparatus  D.  This  consists  of  a  three-stage  radio- 
frequency  amplifier,  a  detector,  and  a  two-stage  audio-frequency 
amplifier  made  up  as  a  unit  with  a  minimum  number  of  operating 
adjustments. 
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Fio.  40.  -The  captain  of  the  lighthouse  tciuhr  "Tulip" 
opeialing  the  ladio  direction  finder 
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The  telephone  receivers  T  are  located  in  a  fixed  position  at  a 
sufficient  distance  from  the  magnetic  compass  to  avoid  any  effect 
upon  the  compass  due  to  the  magnets  within  the  telephone 
receivers.  A  brass  tube  is  attached  to  the  telephone  receivers  as 
shown  in  Fig.  44  with  flexible  rubber  tubing  completing  the 
circuit  to  the  earpieces  worn  by  the  observer.  By  the  proper 
choice  of  the  length  of  the  brass  tube  a  desirable  quality  is  given 
to  the  signal  tone  by  virtue  of  acoustical  resonance. 


Fig.  41. — Ma^nttic  armpati  card  and  eomdion  tcaU  ihvwing  tht  dirtet-rtaiiti^  imliod 
of  obtaining  a  eorrecttd  radio  bearing 

We  now  come  to  the  auxiliary  circuits  of  the  direction  finder 
which  are  controlled  by  the  switch  5.  With  this  switch  closed 
to  the  right,  the  middle  plates  of  the  double  condenser  C,  are 
directly  grounded.  The  double  condenser  is  utilized  to  bring 
about  electrical  symmetry  of  the  coil  system  with  respect  to 
earth.  In  other  words,  by  adjusting  the  middle  plates  of  the 
condenser  C,  to  the  right  or  left,  the  earth  coimection  is  brought 
to  the  electrical  mid-point  of  the  coil  system,  and  the  parasitic 
effects  described  earlier  in  the  paper  are  eliminated,  that  is  to 
say,  the  signal  received  in  the  telephones  T  results  only  from 
the  energy  directly  received  in  the  coil  L^. 
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With  the  switcli  S  closed  to  the  left,  a  small  condenser  C, 
is  ceamected  across  half  of  the  double  condenser  C,  and  the 
indnctance  L,  and  tuning  condenser  C,  are  inserted  in  the  ground 
lead.  Under  these  ccmditions,  the  coil  sjrstem  is  no  longer 
electrically  symmetrical  with  respect  to  earth,  and  received 
enei^  enters  the  coU  circuit  Z^Q  indirectly  through  the  tuned 


U 


FlO.  43. — Tht  dinctionfindtr  circuit 

ground  circuit  of  which  the  capacity  of  the  complete  coil  system 
to  earth  forms  a  part. 

By  the  proper  adjustment  of  the  capacity  C,  and  the  circuit 
L,Ct,  a  complete  unidirectioaal  ^ect  can  be  obtained  as  previ- 
ously described. 

In  the  practical  operation  of  the  direction  finder,  all  tuning 
adjustments  remain  set  for  the  looo-meter  wave  length  of  the 
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signaling  stations.  Switch  S  is  closed  to  the  right  when  observing 
the  line  of  direction  of  a  given  signaling  station  and  to  the  left  when 
it  is  desired  to  detennine  the  sense  of  direction.  In  other  wcods, 
to  determine  the  line  of  direction  of  a  station,  the  coil  system  which 
is  directly  grounded  at  its  electrical  mid-point  by  throwing  switch 
5  to  the  right  is  rotated  to  the  position  of  critical  silence,  at  which 
time  the  plane  of  the  coil  is  normal  to  the  direction  of  approach 
of  the  signaling  wave.  To  detennine  the  sense  of  direction  of  the 
station,  switch  5  is  closed  to  the  left  and  the  coil  rotated  to  the 
position  of  maximum  signal  intensity  at  which  time  the  plane 
of  the  coil  is  in  the  dir«:tion  of  approach  of  the  signaling  wave 
and  pointing  toward  the  signaling  station  as  indicated  by  an 
index  pointer  provided  for  that  purpose.  The  complete  direction 
finder  system  is  shown  with  details  in  Fig.  45. 

The  results  of  actual  tests  ccmducted  under  most  {tactical  con- 
ditions are  shown  by  the  charts,  Figs.  46  and  47,  which  are  self- 
explanatory. 

The  45-mile  run  shown  in  Fig.  46  was  made  on  radio  bearings 
taken  from  the  signalii^  station  on  the  Fire  Island  light  vessel. 
During  this  run  the  direction  finder  was  operated  and  all  bearings 
taken  by  the  captain  of  the  tender  Tulip,  who  had  had  no  previous 
experience  in  the  operation  of  any  kind  of  radio  apparatus. 

In  Fig.  47  the  estimated  positions  of  the  Tulip  at  quarter-hour 
intervals  are  given  during  the  south-by-west  course  taken  fram 
Jones  Inlet  buoys.  The  true  positicm  of  the  ship,  as  determined 
by  radio  bearings  taken  on  two  of  the  three  signaling  stations,  ts 
also  shown  in  several  instances. 

The  accuracy  with  which  the  position  of  a  ship  may  be  deter- 
mined by  trtan^lation,  resulting  from  bearings  taken  by  radio 
on  two  or  more  signaling  stations,  depends,  of  course,  upon  the 
sense,  whether  positive  or  negative,  and  order  of  magnitude  of 
the  possible  error  made  in  observing  the  radio  bearing  of  each  of 
the  signaling  stations.  Theoretical  triangulations  are  shown  in 
Fig.  48,  in  which  an  exaggerated  error  of  plus  or  minus  2  degrees 
is  assumed  in  each  case.  Any  set  of  three  observations  or  bearings 
will  locate  the  ship  within  a  triangular  area,  but  the  true  position 
of  the  ship  may  be  entirely  outside  of  this  area  but  within  a  star- 
shaped  area  formed  as  shown  in  Pig.  48,  the  details  of  which  are 
shown  in  Fig.  49. 
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IV.  CONCLUSION 


In  conclusion  it  may  be  definitely  stated  that  tbe  radio  direction 
finder,  or  radio  compass,  as  herein  described,  is  an  extremely 
effective  aid  to  nav^tion,  particukrly  in  f (^  or  thick  weather. 
If  properly  constructed,  installed,  and  calibrated,  it  can  be 
depended  upon  to  give  reliable  results.  The  device  is  essentially 
a  nautical  instrument  and  should  be  installed  on  shipboard,  niiere 
it  may  be  used  directly  by  the  navigator  in  taking  bearings  on 


-Accuracy  af  radio  Uiangultilum 


signaling  stations  established  on  shore  (a~  on  light  vessels.     Bearings 
may  thus  be  taken  at  any  time  and  as  often  as  desired. 

The  reverse  method  of  locating  directi<m-finder  stations  on  shore 
and  requiring  the  navigator  of  a  ship  to  make  a  request  for  his 
bearing  or  position  from  time  to  time,  as  conditions  may  permit, 
is  fundamentally  wrong.  Delays  and  errors  are  inherent,  and 
even  under  the  most  favorable  conditions  the  time  consumed  in 
making  a  request  for  bearings,  taking  bearings,  and  getting  the 
information  into  the  navigator's  hands,  is  too  great. 
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The  maiirtcnaiice  of  a  24-hour  service  at  the  required  number  of 
shore  directicHi-fiiider  stations  requires  a  large  operating  personnel, 
continually  on  wateh  but  only  occasionally  called  upon  for  service. 
This  places  great  responsibility  and  expense  upon  the  Government. 


Flo.  49. — Aeetiracy  cf  radio  Iriangulaiiofi,  ihomng  tnu  and  obtmiad  pimUvH 

Signaling  stations,  whose  locations  are  acciuutely  shown  on 
mariners'  charts,  may  be  established  at  lighthouses  and  on  light 
vessels  at  very  little  expense.  Such  stations  would  thus  become 
a  part  of  an  already  well-establi^ed  service  whose  function  is 
strictly  that  of  maintaining  aids  to  navigation.  No  additional 
personnel  is  required  since  the  operation  and  maintenance  of  the 
radio-signaling  apparatus  would  be  the  duty  of  the  light  keeper. 
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The  cost  of  the  tadio  direction-finder  equipment  for  shipboard 
installation  is  so  small  as  compared  with  the  benefits  which  may 
be  derived  therefrom,  perhaps  in  a  single  instance,  where  life, 
property,  or  even  time  may  be  saved,  that  it  can  not  enter  into 
consideration. 

The  utility  of  the  direction  finder  on  shipboard  goes  further 
than  that  of  taking  bearings  on  known  stations  on  or  near  shore. 
Other  ships  at  sea,  perhaps  in  distress  or  in  fog,  can  be  located 
and  their  course  determined.  As  a  matter  of  safety,  every  ship  at 
sea  in  fog  should  send  out  radio  fog  signals  at  frequent  intervals, 
effective  over  a  distance  of  at  least  10  miles.  This  would  enable 
another  ship  within  range  equipped  with  a  radio  direction  finder  to 
determine  tiie  direction  and  course  of  the  signaling  ship  and  thereby 
IMX)ceed  with  safety  and  without  delay. 

The  work  of  the  Bureau  of  Standards  herein  described  has  been 
conducted  with  the  assistance  and  close  cooperation  of  the  Bureau 
of  Lighthouses  and  particularly  of  the  lighthouse  depot  at 
Tompkinsville,  N.  Y. 

WASraNGTON,  July  9,  192 1. 
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NOTE  ON  THE  PREPARATION  OF  MANNOSE 
By  E.  P.  CUik 


ABSTRACT 


A  itKtIiMl  U  described  by  Which  mannoM  may  b«  prepared  easily  and  econoiiucally, 
Ivcry-uut  shavings  at  sawdust  are  treated  with  dilute  NaOH,  washed,  and  dried. 
Five  hundred  gnuns  of  the  material  thus  prepared  arc  digested  for  a  day  with  75  per 
cent  sulphuric  add,  then  dissolved  in  water  to  nuke  %■$  litcn.  This  mixture  is 
boiled  for  two  and  one-half  hoim,  neutralized  with  BaCOj,  concentrated,  and  the 
sugar  crystallized  from  glacial  acetic  add,  giving  a  yield  of  41  to  45  per  cent  of  the 
treated  meal. 


A  method  for  the  preparation  of  mannose  from  ivory-nut  sha7- 
ings  has  recently  been  described  by  Horton.*  In  his  procedure  the 
shavings  are  first  treated  with  dilute  sodium-hydroxide  solution, 
whereby  gums  and  extractives  are  removed.  This  preliminary 
step  is  a  great  improvement  over  previous  methods,  as  it  gives  a 
product  of  higher  purity  and  eliminates  the  disadvantage  of  ex- 
cessive foaming  ^en  the  solution  is  concentrated.  However,  the 
mass  of  detail  prescribed  tax  subsequent  steps  offsets  the  advantage 
gained;  hence  the  method,  as  a  whole,  is  no  improvement  over 
that  of  Hudson  and  Sawyer.' 

The  writer  has  on  various  occasions  prepared  mannose  by  a  very 
simple  process  which,  when  apfdied  to  ivory-nut  shavings  that 
have  first  been  treated  with  sodium  hjniroxide,  gives  a  yield  that 
is  considerably  higher  than  either  authtn*  has  reported.  This 
method  is  given  below,  as  its  simplicity  and  economy  will  appeal 
to  workers  who  have  to  prepare  this  sugar. 

Sifted  ivory-nut  shavings  are  added  to  10  times  their  weight  of 
boiling  I  per  cent  sodium-hydroxide  solution.  The  mixture  is  at 
once  removed  from  the  source  of  heat  and  stirred  occasionally 
during  one-half  hour.  The  shavings  are  then  washed  thoroughly 
with  running  water  until  neutral  and  clear,  and  dried. 

Five  hundred  grams  of  the  material  thus  prepared  are  thor- 
oughly mixed  with  500  g  of  75  per  cent  sulphuric  add  and  allowed 
to  stand  until  the  next  day.  This  mass  is  dissolved  in  water, 
making  a  volume  of  5.5  liters,  and  boiled  under  a  reflux  for  two 
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and  one-half  hours.  While  the  liquid  is  still  boiling,  it  is  neutral- 
ized with  a  thin  paste  ctf  precipitated  baritm  carbonate.  The  so- 
lution is  at  once  filtered  through  a  thin  layer  of  active  carbon 
placed  on  moistened  filter  paper  in  a  Btichner  funnel.  Hie  fil- 
trate generally  contains  a  little  barium,  probably  in  combinaticm 
with  organic  adds.  This  is  removed  by  adding  a  few  cubic  cen- 
timeters of  dilute  stdphuric  add  until  no. further  predpitate  is 
formed.  The  barium  sulphate  is  filtered  off  and  the  soluticm 
evaporated  under  reduced  pressure  to  87  to  88  per  cent  total 
scdids.*  An  equal  volume  of  glacial  acetic  add  is  added  and  thor- 
oughly mixed  by  warming  and  shaking.  The  sirup  is  seeded, 
placed  in  an  ice  box  overnight  for  crystallization  to  start,  and  is 
then  frozen  with  an  ice-salt  mixture.  The  frozen  mass  is  placed 
in  a  r^rigerator  at  or  near  0°  C  wha«  it  will  thaw  out  ^wly. 
After  about  a  day  the  j^^ater  p4^oa  of  the  sugar  will  often  have 
crystallized,  but  generally  a  week  is  reqinred  lor  complete  cz3rstal~ 
Uzatson.  The  yield  is  uniformly  42  to  4$  per  cent  of  the  treated 
meal  used. 
Washington,  December  13,  1921. 

■  Hortoa  dliKU  that  the  final  liiuii  •hill  be  coocBttratal  to  ««  pa-  coit  total  nUds.  It  li  difficult  and 
iadkn  to  fM  Midi  a  tUfk  BikMaa  Into  KlBllaB  ta  aoMic  aidl  BiA  It  li  «lwloDilr  kVCMIkd  vkn  •« 
nanldlMiitiiaiiiicacaretobeMidcataictlniF.  AoDoastntknofBitonpBoatftatalKilUibaattilr 
luavVi  and  offtn  no  dUBcuKv  ctthcr  ia  dlnotrlui  in  the  acid  or  in  wbacqamt  "T"'"'"''— • 
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HIGH-FREQUENCY  RESISTANCE  OF  INDUCTANCE 
COILS 

By  Gregory  Brek 


The  defiuitioii  <rf  the  nsstance  of  a  coil  is  simple  for  direct  cnnent  and  may  be  gfroi 
diiectlyiiiteniisaf  Ohm'iLaw.  Similarly,  the  computation  of  the  resistance  of  a  coil 
made  of  a  wire  of  known  Unglli,  cross  sectiaii,  imd  material  is  quite  easy  for  direct 
cnncat  The  same  problem  becomes  difBcult  if  an  alteniatiBK  cutrmt  of  high  fre- 
quency is  used  instead  of  a  direct  current, 

Itissbownin  this  paper  that  B  different  definition  of  resistance  must  be  given;  that 
the  value  of  the  renstancc  thus  de&ned  depends  upon  the  point  in  the  coil  with  reapect 
to  iriiich  the  resistance  is  defined ;  and  it  is  shown  how  the  rcaistance-'variation  method, 
described  in  Bureau  of  Standards  Circular  74,  inay  be  employed  to  tneasute  the  resist- 
ance thus  defined . 

A  formula  is  derived  for  the  value  of  the  cunent  at  any  point  of  th«  coil  when  tlie 
emf  induced  in  any  portioa  of  the  coil  is  known-  Ibis  formula  is  onnpared  with 
the  experimental  results  obtained  on  coil  aerials.  This  formula  presupposes  the 
knowledge  at  the  lesstance  measured  by  the  renatance-variation  method  with  respect 
to  all  points  on  the  coil.  In  order  to  know  this  reastance,  it  is  sufficient  to  know  the 
resistance  as  measured  with  respect  to  one  point  and  also  to  know  the  distribution  of 
current  in  the  coil.  The  value  <rf  the  resistance  with  respect  to  one  point  of  the  coil 
is  woilaed  out  and  &e  result  is  verified  experimentally. 
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INTRODUCTORY 

At  low  frequencies  there  is  little  difficulty  in  discussing  the 
resistance  of  a  coil.  At  sufficiently  high  frequencies,  however, 
some  difficulty  is  encountered.     There  are  two  effects  which  cause 
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the  di£Bculty.    The  first  is  the  sldn  effect  and  the  second  is  the 

capacity  effect.     It  is  the  purpose  of  this  discussion  to  treat  the 

capacity  effect.    It  is  believed  that  the  modifications  introduced 

in  this  treatment  by  sldn  effect  are  only  minor. 

The  capacity  effect  consists  in  the  collection  of  charges  on  the 

wires  of  the  coil  and  in  the  nonunifcom  distribution  of  current 
in  the  coil  which  these  charges  cause. 

If  P„  P,  are  two  points  of  the  coil 
(see  Pig.  i),  a  certain  chai^  collects  on 
the  wire  between  P,  and  P,.  If  the  cur- 
rent entering  the  section  P,  P,  at  Pi  is 
ii,  and  if  the  current  leaving  the  section 

at  P*  is  t],  and  if  Q  should  denote  the  charge  in  the  section  P,  P, 

then 

by  the  comservatiott  of  chai^. 

The  quantity  Q  is  determined  mainly  by  the  potential  differ- 
ences between  the  section  P,  P,  and  the  remaining  parts  of  the 

coil.   These  potential  differences  are  roughly  proportional  to  -^ 

where  *  is  the  average  current  in  the  coil. 

This,  of  course,  is  true  only  provided  there  are  no  appreciable 
phase  differences  between  the  induced  emf 's  due  to  various  portions 
of  the  coil;  i.  e.,  provided  the  dimensions  of  the  coil  are  small  in 
comparison  with  the  wave  lei^th  used,  and  also  provided  the 
coil  may  be  regarded  as  a  perfect  conductor.  Thus,  the  difference 
between  t,  and  »,  is  roughly  proportional  to  i  and  the  square  of 
the  frequency.  For  high  frequencies,  theavfore,  the  current  dis- 
tribution is  very  nonunifonn  and  for  low  frequencies  it  is  practi- 
cally uniform. 

The  nonuniformity  of  current  affects  the  resistance  of  the  coil. 
It  is  the  purpose  here  to  find  the  modification  to  be  introduced  in 
the  ordinary  treatment  of  resistance  by  the  noniuiiform  current 
distribution. 

L  MEANING  OF  THE  TERM  <'S£SISTANCE**  AT  HIGH 
FREQUENCIES 

In  alternating-current  theory  the  resistance  is  taken  to  be  the 
real  part  of  a  complex  quantity  z  (called  the  complex  impedance) , 
which  is  such  that  if  the  current  «  is  the  real  part  of  /t*^,  and 
and  if  the  emf  e  is  the  real  part  of  E^,  where  /  and  £  are  real  «* 
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complex  quantities  independent  of  the  time  t,  where  j  —  ^~i^ 
and  where  <  is  the  base  of  natural  If^aiithms,  then 

This  definition  applies  to  circuits  consisting  of  series  combinations 
of  inductances,  resistances,  and  capacities  independently  of  where 
the  emf  e  is  applied  or  where  the  current  i  is  measured.  If,  how- 
ever,  the  circuits  consist  of  parallel  combinations  of  resistance, 
inductance,  and  capacity,  it  is  no  longer  immaterial  where  the 
emf  e  or  the  current  t  are  measured. 

In  the  case  of  the  coil,  also,  it  is  not  immaterial  where  e  is 
inserted  and  where  *  is  measured,  because  *  is  not  the  same  at 
different  [XMnts  of  the  coil  and  because  the  effect  of  «  on  i  at  a 
given  place  may  depend  upon  the 
place  where  e  is  inserted.  This 
compels  one  to  define  the  resist- 
ance not  for  thecoil  asawhole,  but 

only  for  a  particular  point  of  the   ^^-  ».— Ciow-wi*^*  </  1 
coil.     One  can  imagine  the  wire  M>u  lo^  ^  diarg* 

cut  at  that  point,  the  two  faces  of  the  cut  separated  by  a  very 
small  gap  and  an  emf  inserted  in  that  gap,  and  one  can  also 
im^:ine  the  current  measured  at  that  gap.  Call  the  emf  e  and  the 
current  i  and  write 

e  =  E^,  i-I^. 

The  impedance  irf  the  coil,  together  with  the  dicuit  connected 
across  its  tominals  with  reference  to  the  point  at  viuch  the  j^ 
was  made,  will  be  defined,  as  usual,  by  the  equation 
E 

The  real  part  of  the  impedance  will  be  termed  the  resistance  and 
the  coefficient  of  ;  in  the  imaginary  part  will  be  called  the  reactance. 
It  may  be  shown  in  the  usual  manner  that  the  resistance  R  thus 
defined  is  sudi  that  P  R  is  the  power  lost  in  the  cod  wheie  t,  R 
are  measured  at  the  point  where  the  emf  is  a|^lied. 

n.  OHPLiFyino  assuhptioh 

In  radiotelegrajAy  it  is  usually  legitimate  to  asume  that  the 
coils  are  made  of  p^ect  conductors  when  it  is  desired  to  find  the 
current  distribution  in  the  coils.  A  perfect  condtictor  is  an  ideal 
substance  whose  properties  are  the  limit  of  the  i^operties  ap- 
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proached  by  a  conductor  having  a  finite  conductivity  when  the 
conductivity  becomes  infinite.  For  a  perfect  conductor  the 
electric  intensity  at  the  surface  is  normal  to  the  surface  and  the 
magnetic  intensity  at  the  surface  is  tangential  to  the  surface. 

The  energy  losses  in  a  system  consisting  of  perfect  conductors 
are  entirely  energy  losses  due  to  radiation.  In  the  case  of  a  coil 
these  energy  losses  are  negligible,  and  so  the  coil  itself,  so  far  as 
its  current  distribution  is  concemed,  can  be  looked  at  as  a  non- 
dissipative  system;  i.  e.,  a  system  in  which  no  energy  is  dissipated. 

It  is  well  known  that  there  is  a  very  close  analogy  between 
electrical  and  dynamical  systems,  and  that  to  most  of  the  proposi- 
tions of  dynamics  one  can  give  an  electrical  interpretation.  The 
analogy  between  dynamical  and  electrical  systems  becomes  com- 
plete if  charges  are  taken  *&  coordinates.  Then  the  energy  stotcd 
up  in  the  electric  field  is  regarded  as  potential  energy  and  the 
energy  of  the  magnetie  field  of  the  currents  is  regarded  as  kinetic 
energy.  Of  course,  in  a  consideration  of  a  continuous  system, 
such  as  a  coil,  the  number  of  coOTdinates  is  infinite,  so  that  the 
system  should  be  conadered  as  the  limiting  case  of  another  system 
with  a  finite  number  of  coordinates,  as  this  number  is  incteased 
indefinitely.  In  the  case  of  the  cofl  the  wire  may  be  subdivided 
into  small  portions  along  each  length  and  the  charts  on  these 
portions  are  then  coordinates.  As  the  number  of  secticms  is  in- 
creased indefinitely  the  number  ctf  coordinates  also  increases 
indefinitely,  and  in  the  limit  the  coordinates  rejH^sent  the  coil 
coirectly.  This  is  precisely  analogous  to  the  treatment  of  the 
vibrations  of  a  string  of  finite  and  tuiifonn  density  by  replacing  it 
by  a  weightless  string  with  beads  spaced  along  its  length. 

Nondissipative  dynamical  systems  have  been  studied,  their 
properties  are  known,  and  will  be  here  applied  to  the  case  of  the 
coil  made  out  of  a  perfect  conductor.  A  brief  review  of  these 
properties  will  now  be  givMi. 

m.  PROPBRTIBS  OP  irONDISSIPATIVE  SYSTEMS 

Consider,  then,  a  dynamical  system  whose  kinetic  enei^gy  T 
and  whose  potential  ^lergy  V  are  given,  respecdvely,  by 

r->^(a«ft'+Mi'+-   ■     +201.44+-  •) 


ft.  9*.  q-  • 
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are  the  coordinates  of  the  system  and  where 

an  the  derivatives  of  the  coordinates  as  to  the  time.    The  bdiav- 
ior  of  the  system  is  given  by  Lagrange's  equations 


(»•- 


,   2,   - 


■,n) 


where  L  is  the  kinetic  potentiiU  defined  by 

L'-T-V 

and  vdiere  Qr  is  the  component  of  generalized  force  corresponding 
to  q,.  These  equations  when  the  vahies  of  T  and  V  oib  substi- 
tuted Uikt  the  form 


(...^■+M.)+(«.^'+<.^)+  ■ 

(r  — I,  2,  •  ■ 
or  symbolically 


+  (<^^+f>'^')-G* 


^('*"'5  +  *'")'""^' 


If  one  deals  with  purely  periodic  motions  of  frequency  w  in  2«- 
seconds,  then  differentiation  as  to  t  when  repeated  twice  amounts 
to  multiplication  by  -w'.  Hence  the  equaticHis  of  motion 
become 

(-o,V+6.r)?,  +  (-o,r«o»+6^)?,+  ■   ■   ■  +(.-ar^  +  bJ)q„~Q, 

The  solution  of  this  system  d  equations  gives  for  the  coordinates 


wben 


~a^+bu,-a^+b^,  ■  ■  ■  ■  ,  -a^+6„ 


-  o,.w» + 6«,  -  a^  +  &^ 


-Om«*+6— 


and  where  ^  is  tiie  result  of  changing  in  A  the  elements  of  the 
s*^  cohmm  into  Q„  Qt,  ■  ■  ■  ■  ,  Q%. 
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The  condition  for  resonance  is 

A-o. 

This  is  an  equation  in  «'.  It  has  n  roots  and  gives  the  n  oatunU 
periods  of  the  system. 

li  A-'O,  then  provided  neither  of  its  first  minors  is  zero,  and 
provided  neither  of  the  quantities  Qt  is  zero,  all  of  the  quantities 
q,  become  infinite.  Similarly,  their  derivatives  become  infinite' 
(provided  u^O)  and  also  all  linear  combinations  of  the  coordi- 
nates or  of  their  derivatives,  which  are  not  identically  zero,  be- 
come infinite. 

Thus,  for  a  nondissipative  system  resonance  is  independent  of 
the  relative  values  of  the  components  of  generalized  force,  and 
it  is  also  independent  of  the  quantity  measured  in  detecting  reso- 
nance as  long  as  the  quantity  used  increases  when  the  coordinates 
increase.  Thus,  this  criterion  may  be  the  maximum  value  of 
one  coordinate  or  of  the  derivative  of  the  coordinate  as  well  as 
of  a  linear  combination  of  several  coordinates  (not  vanishing 
identically)  or,  finally,  a  linear  nonvanishing  combination  of  the 
several  velocities. 

IV.  APPLICATION    OF  PKOPEKTISS   OF    NONDISSIPATIVE 
SYSTEMS  TO  COILS 

A  physical  system  is  never  a  nondissipative  system.  However, 
if  tiie  dissipation  of  energy  is  sufficiently  smalt  its  properties 
approach  those  of  a  nondissipative  system. 

The  inductance  coil  made  of  copper  wire  has  some  energy  losses. 
If,  however,  the  resistance  between  any  two  points  of  it  is  n^U- 
gible  compared  to  the  reactance  between  these  two  points,  the 
a>il  may  be  considered  ior  some  purposes  as  a  nondissipative 
system.  The  smaller  the  resistance  is  made  in  comparison  with 
the  reactance  the  more  neariy  is  the  coil  nondissipative. 

In  the  thewy  that  follows  it  will  be  assumed  that  the  reactance 
is  sufl&ctently  high  and  the  resistance  sufficiently  low  Dfi  make  the 
coil  nondissipative.  For  any  actual  coil  this  assumption  must, 
of  course,  be  justified.  It  is  generally  justified  if  the  resistance 
of  any  part  of  the  coil  is  negligible  compared  to  its  reactance. 
Under  these  conditions  the  presence  of  the  resistance  affects  the 
current  fmly  to  the  second  order  of  the  resistance,  as  may  be 
seen  by  expanding  the  impedance  by  Taylor's  theorem. 
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The  current  distribution  also  is  determined,  primarily,  by  the 
reactance  and  is  affected  only  to  the  second  order  by  the  resist- 
ance. To  this  order,  then,  the  current  distribution  is  the  same  as 
if  the  coil  were  ncmdissipative.  Now,  in  a  nondissipative  s;rstem 
tile  ratios  of  the  coc»dinates  are  independent  of  the  distribution 
(rf  generalized  forces  as  resonance  is  approached. 

To  see  the  truth  of  this  statement  observe  that  the  ratio  of 
two  coordinates,  say,  q,  and  q^,  is  the  ratio  of  corresponding  de- 
terminants, say  A,,  ^.     Here 

^»=Qi^ti+Qt^t»+  ■  ■    ■  +e.  c„ 

where  C„  is  the  nunor  of  -Or^  +  6,,  in  A. 

However,  A  is  a  symmetrical  determinant.  Further,  for  reso- 
nance A  vanishes.  But  if  a  symmetrical  determinant  vanishes 
tiien  all  the  second  mincns  of  the  complimentary  determinant 
vanish.     Hence 


'•■.    ■*!■— H« 


say.    And  consequently 


?i    \ 
The  ratio  °'  is  therefore  independent  of  the  values  of  Q„  Qt,  .  .  .  , 
Qn  provided  the  resonance  condition 

A(«)^0 

is  fulfilled,  and  also  provided  it  is  legitimate,  for  resonance,  to 
compute  the  ratios  of  various  q's  on  the  assumption  that  the  system 
is  nondissipative.  The  latter  proviso  requires  careful  considera- 
tion, because  for  resonance  the  reactance  of  a  circuit  vanishes  and 
consequently  the  current  is  determined  mainly  by  the  resistance 
and  not  by  the  reactance. 

Nevertheless,  in  practice  this  does  not  give  difficulty,  because 
the  only  root  of  A(«)  to  be  considered  is  the  lowest,  so  that  the 
reactance  vanishes  only  for  the  whole  circuit  considered  in  series. 
Hence,  even  though  the  absolute  value  of  the  current  due  to  an 
emf  applied  at  a  point  P,  (see  Fig.  i)  will  depend  on  the  resistance, 
still  the  distribution  of  current  will  be  detennined  mainly  by  the 
very  high  reactances  of  the  various  parts  of  the  coil.    Thus, 
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considering  the  portion  of  the  coil  between  P,  and  Pj,  the  current 
may  either  be  used  up  in  charging  that  portion  or  else  in  passing 
through  it  and  charging  portions  of  the  coil  beyond  P,  P,.  The 
relative  proportion  of  the  parts  of  the  current  which  are  used  in 
these  wajrs  is  determined  by  the  impedances  of  the  part  P,  Pt 
(used  as  a  condenser)  and  the  parts  beyond  P,  P,.  If  the  conduc^ 
tlvi^  of  the  material  is  high,  the  impedances  are  not  distinguish- 
able from  the  reactances,  and  therefore  the  t»x>viso  is  satisfied. 
It  thus  has  been  shown  that  the  current  distribution  for  resonance  it 
independent  of  the  distribution  of  emf's  and  that  it  is  the  same  as  if 
the  system  were  nondissipative. 

These  facts  may  also  be  extended  to  systems  in  which  the 
total  dissipation  is  not  negligible,  provided  the  emf  is  not  induced 
in  the  parts  which  are  not  perfect  conductors.  For,  the  current 
distribution  in  the  parts  in  which  the  conductors  are  nearly 
perfect  is  still  the  same.  Thus,  if  a  short  resistance  of  negligible 
capacity  be  inserted  in  a  cut  made  in  the  coil,  the  current  distribu- 
tion is  not  affected  thereby,  because  the  current  entering  the  resist- 
ance is  equal  to  the  current  leaving  it  and  because  everywhere 
outside  the  resistance  the  coil  is  nearly  nondissipative. 

1.  RBSISTUrCB  INSERTED  IH  COIL 

As  e:^lained,  a  resistance  inserted  at  some  point  in  the  coil 
does  not  affect  the  current  distribution.  It  therefore  cuts  down 
the  current  in  the  same  ratio  at  all  points  in  the  coil.  Hence  it 
follows  that  if  the  coil  has  been  brought  into  resonance  by  adjust- 
ing the  condenser  it  will  still  be  in  resonance  when  a  resistance  is 
inserted  at  any  point. 

In  fact,  let  this  point  be  P.  Let  an  emf  e  be  applied  very  near 
to  P.  Whether  the  condenser  is  tuned  or  not,  if  a  resistance  be 
inserted  at  P  the  absolute  value  of  the  current  must  be  cut  down 
because,  with  reference  to  the  point,  the  coil  and  the  condenser 
together  have  a  certain  impedance,  say,  z=R+jX.  Whether 
or  not  R  is  equal  to  zero,  an  increase  in  R  increases  the  absolute 
value  of  2,  viz ;  ^  =  -^R*  +  X* 
and  therefore  decreases  the  absolute  value  of  the  current. 

2.  RBSiSTAnCB-VlfiUTlOH  METHOD  OF  HBASURIirQ  RBSISTAirCB 

This  suggests  a  method  of  measuring  the  quantity  R  at  any 
point  in  the  coil.  This  method  is  known  as  the  resistance-varia- 
tion method-  It  is  described  for  the  case  of  the  coil  terminal  in 
Bureau  of  Standards  Circular  74,  p^es  180  to  185.     It  consists  in 
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tHinging  the  ctal  into  resonance  by  a  proper  adjustment  of  the 
tuning  condenser  and  measuring  the  current  /.  Then,  a  resistance 
Ri  is  inseited  and  a  new  current  7,  is  observed. 

As  explained  the  ratio  j  does  not  depend  on  the  way  in  which 

the  emf  is  induced.  Therefore,  one  can  imagine  the  emf  induced 
very  close  to  the  point  where  the  resistance  i?,  is  inserted.  If  the 
resistance  with  reference  to  this  point  is  R  and  if  the  emf  is  E, 
then 

'     R'  ''     R  +  Rt 

whence 

5-  ■■■• 

Here  7  and  7,  are  measured  at  the  point  where  Ri  is  inserted. 
However,  their  ratio  was  shown  to  be  independent  of  the  place 
where  they  are  measured.  Thus,  I,  I,  may  be  measured  at  an 
arbitrarily  chosen  point  in  the  coil.  If  the  place  where  R^  is 
inserted  is  varied,  different  values  of  i?  are  obtained.  If  *  be  a 
parameter  along  the  wire  of  the  coil,  R  is  then  a  function  of  x, 
sa.y,Rix}. 


The  function  R  (x)  is  such  that  the  current  at  x,  due  to  an  emf 

e  appUed  at  *,  is  -^t-c  provided  the  coil  is  tuned.     Suppose  that 

an  emf  e  is  applied  at  x,.     It  is -desired  to  know  the  current  at  x^^ 
The  ciurents  at  x,  and  x,  are  always  in  the  same  ratio,  which  may 

be  conveniently  written  as  rr^' 


Therefore,  the  current  at «,  due  to  «  at  x,  is  pT~)  '  f7~T'  ^^>  now,  a 
resistance  R^  be  inserted  at  x,,  the  current  at  x,  must  be  decreased 
to  „  ,  v^  n-  of  its  former  value.    Consequently,  at  x,  also  it 
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has  been  decreased  to  that  fractioa  of  its  former  vahie.    There- 
fore, at  x,  after  the  resistance  J?,  has  been  inserted  the  current  is 

.,        e  R  (Jj  .  . 

*'  °"i?(«.)'i?(xj+i?„  ^'' 

Again,  compare  the  result  of  inserting  R^At  *,  with  the  result  of 
inserting  it  at  a:,  when  the  same  current  flows  through  the  coil. 

In  the  second  case  the  amount  of  oiergy  lost  per  second  is  ( f?^  ) 

of  what  it  is  in  the  first  case.    Therefore,  in  terms  of  the  current 
t,  atf„  theenergy  tost  per  second  in  i?o  when  J?a  is  inserted  at  Xj  is 


•G^^ 


but  the  resistance  R  (i,)  is  such  a  quantity  that  the  power  lost  in 
the  coil  is 

R  («J  i,'. 

Therefore,  the  total  power  lost  in  both  the  coil  and  Ra  is 

[Rw+R,/w:]i,- 

Thus,  when  R„  is  inserted  at  X,  the  coil  appeals  to  have  a  resistance 


JJW+R, 


with  reference  to  «,.    Consequently,  after  R^  is  inserted  the  cur- 
rent at  X,  becomes 


'      pi.s  ,  o  >W  (3) 

Comparing  (2)  and  (3) 

iJ(»,)/W-fiW/W  W 


Hence,  also, 


/W        fR  (..) 

753  VkW 


(J) 
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Further,  the  current  at  x,  due  to  an  emf  «  at  x,  is 


and  therefore  by  (5)  is 

If,  then,  z  be  a  point  of  the  coil  and  if  in  an  element  dx  an  emf 
e(x)  dx  be  induced,  then  the  current  at  x^is 


(7) 


where  now  x^,  x,  denote  the  terminal  values  of  x. 

(A  different  and  shorter  proof  of  tliis  may  be  given  with  the 
aid  of  Lord  Rayld^h's  reciprocal  theorem.) 

4.  APFLICATIOV  TO  COO.  mULS 

Coil  aerials  are  inductance  coils  used  for  receiving  signals  in 
radiotelegraphy.  The  emf  due  to  the  incident  wave  is  distributed 
uniformly  through  the  coil 
aerial.  Thus,  formula  (7)  may 
be  used  to  compute  the  cur- 
rent at  any  point. 

Qualitative  checks  of  this 
theory  are  given  by  the  experi- 
mental results  on  signal  inten- 
sities obtained  by  means  of  coil 
aerials  for  the  Signal  Corps.  The  theory  was  also  verified  by 
some  special  experiments  performed  in  the  yard  of  the  Bureau  of 
Standards. 

A  coil  aerial  was  wound  on  a  wooden  frame  and  placed  between 
the  two  large  rectangular  coils  of  an  electron  tube  generating  set. 
The  coils  were  so  arranged  as  to  give  an  approximately  imiform 
field.  The  coil  was  tuned  to  the  wave  length  of  the  generating 
set  by  means  of  a  condenso*  across  its  terminals.  An  electro- 
static voltmeter  was  connected  across  the  condenser  terminals. 
Ilie  tuning  of  the  condenser  was  effected  from  a  distance  by  a 
pulley  and  the  voltmeter  was  read  from  a  distance  by  means  of  a 
telescope.     This  eliminated  the  effect  of  the  observer's  body. 

Leaving  the  wave  length  of  the  generating  set  unchanged, 
turns  were  cut  off  from  the  coil,  alternately  from  both  sides.     It 


Fn.  2.—Shi*ld  ovtr  imp^danet 
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was  retuned  each  time  and  the  voltmeter  reading  was  noted. 
Then,  on  the  same  frame  a  similar  coil  was  womid  and,  using  the 
same  condenser,  resistance  measurements  were  made  with  refer- 
ence to  the  condenser  terminal  and  also  with  reference  to  a  point 
exactly  in  the  middle  of  the  coil.  The  apparent  inductance  of  the 
coil  was  also  measured. 

Now,  it  will  be  shown  presently  that 
if 

N  is  the  number  of  turns 
Z..  is  the  apparent  inductance 


and 


1^^ 


Ro,  Rm  being  respectively  the  resistance  with  reference  to  the 

i  -p—  must  be 

proportional  to  the  reading  of  the  vcdtmeter.  This  was  verified 
experimentally,  as  will  be  described  presently.  The  relatitm  can 
be  derived  as  follows: 

Thereadingis^  where  (« is  the  cuirentthrou^  the  joint  capacity 

of  the  condenser  and  voltmeter  and  where  C  is  that  joint  capacity. 
By  the  definition  of  apparent  inductance  this  is  the  same  as 
ij^a.     By  equation  (7) 


''-k£ 


''^'^^lm'^ 


But «  (*)  is  constant  if  x  denotes  the  length  along  the  wire, 
fore,  letting  c  =  I    e{x)dx 

J'*    /  S 
''-R.       X.-X,  RX   +  {\R.~)) 

^  -  I  I  denotes  the  mean  value  of  \g7^  —  i 
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In  the  case  of  an  ungrounded  coil  such  as  has  been  used  R^ 
is  the  kast  value  of  R(x).    Thus,  $<i. 
Farther,  by  (5) 

The  quantity  -M-  - 1  when  plotted  against  *  is  nearly  a  parabola.' 
Taking  this  approximation 


This,  of  course,  is  only  an  ap{»t>ximation. 
Thus, 


Here  e  itself  is  proportional  to  the  number  of  turns  N.    Thus,  the 
voltmeter  reading  is  proportional  to 

R, 

The  results  of  the  experiment  on  a  3-foot  coil  wound  with  No. 
j8  wire,  spaced  i  cm  and  used  at  437  meters,  are: 


.^.^ 

""^^sr**** 

, 

0.M 

I 

1.00 

8 

1.01 

1.04 

10 

1.11 

Considering  the  fact  that  the  resistances  measured  with  reference 
to  the  middle  and  to  the  terminal  may  differ  by  a  factor  of  2,  and 
that  a  slight  dissymmetty  was  introduced  in  the  resistance 
measurements  by  the  thermocouple  and  galvanometer  used  in 

<  G,  Btdt,  "TtK  dltUamtHlacadty  aHadactnct cgili."  Pbys.  Rev,,  1 T,  pp.  6>i,  fiTJ.  Fi(*.  &  >.  K  jDoa, 
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measuring  the  current,  that  the  value  of  *  is  only  an  approxi- 
mation, and  that  the  experiment  was  performed  outdoors,  where 
the  hiunidity  has  a  variable  effect  on  the  resistance,  this  agree- 
ment may  be  regarded  as  satisfactory. 

Formula  (5)  has  been  verified  directly  by  means  of  fhermo- 
galvanometers  calibrated  at  60  cycles. 

5.  UW  OP  inC&EASE  OF  RESISTAITCE  REAR  THE  NATURAL  PERIOD 

So  far  measured  values  of  resistance  have  been  relied  upon. 
It  now  becomes  necessary  to  compute  the  resistance  without 
measuring  it.  The  whole 
coil  may  be  imagined 
to  be  divided  into  a  num- 
ber of  parts.  The  points 
of  division  may  be  so 
chosen  that  the  mutual 
inductance  of  each  part 
-K    to  the  whole  coil  is  the 

Fvi.4.-Graphkalr*p,*»nUaion^th,  function  i>  j^'^^    ^^    ^    ^^^^ 

closely,  thecuixent  in  any  section,  say  the  mth,  is 


(8) 


wbsK  n  is  the  total  number  of  parts.' 
Let 


Then,  summing  (S)  and  dividing  by  n 
I-to-f-*cu'r 


^-i'-tm 


r..  11(01).  6«h«Ti,  June.  It 


Di3,i«db,Google 


anm  Higk-Frequency  Resistance  of  Inductance  Coils  583 

In  the  limit  when  the  subdivision  becomes  vtxy  fine  one  can  write 

•('>-•{■ +?^]  (" 

where  x,  as  before,  is  a  parameter  along  the  wire.  Again,  fcxr  a 
closely  wound  coil  the  length  of  the  elementary  section  is  inde- 
pendent of  its  order.  Hence,  the  parameter  x  must  be  taken  as 
the  length  or  else  it  must  be  a  constant  times  the  length  along 
the  wire. 

Let  R(x)dx  be  the  resistance  of  the  section  bet¥reen  x  and 
x+dx  at  the  frequency  in  question  with  the  particular  current 
distribution  which  Sows  through  the  section. 

The  power  lost  in  the  section  is 

R{x){iix)Ydx 
The  power  lost  in  the  whole  cofl  is 

Therefore,  the  resistance  with  reference  to  the  point  x^  is 

This  by  (9)  becomes 
R.-J'Jfi(i)<fc+j~^.£'R(«)*(.)d» 

+  ^^^y£R(')W>)Tdz  ■  ■  ■  (10) 
In  particular  U  R  {%)  is  independent  of  x 

where  ^  is  the  aven^  of  4>*  with  respect  to  x. 

If  Xois  a  terminal  point  *  is  — -,  wherewois  axtimes  the  natural 
frequency  of  the  coil,  for 
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and  since  for  the  natural  frequency  the  terminal  current  vanishes 
io^o  for  a  finite  i  which  necessitates 


Thus,  (i  i)  may  be  also  written  as 


CO.'*' 


7IZ  tTIZY 

Wo*      \  WoV  , 

or,  if  it  is  preferred  to  use  wave  lengths 


R.- 


■^^■j 


J]"R(.)d« 


,   fR(x)<;»is 


(") 


(■3) 


the  resistance  which  the  coil  would  have  if  there 

were  no  capacity  effect.     The  knowledge  of  skin  effect  is  su£5cient 
for  its  computation.     Aseuming  the  change  in  resistance  due  to 

skineffecttobeknown.itremainstofind  -^and  Xo  in    order  to 

find  the  coil  resistance. 

If  the  current  distribution  in  a  coil  is  known  the  ratio -^  may 

be  calculated. 


The  special  case  considered  is  that  of  a  short,  .closely  wound, 
solenoid  when  used  ungroimded. 

The  quantity  -^  clearly  depends   only  on   the  shape  of   the 

0(x)  ,x  curve.     It  remains  unchanged  if  ^(x)  is  multiplied  by  a  con> 
stant  factor. 

It  was  shown  in  "The  distributed  capacity  of  inductance  coils" 
(loc.  dt.)  that  the  quantity  called  there  a(«)  is 


«(«)- 


35-956x0 


coth  «(. 


I  sini)  I 
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It  is  therefore  proportiooial  to 


cos  If 

[  sin  If  I 


The  quantity  «(*)  is  so  chosen  that  (^\aix)dx is  the  charge  in 

the  segment  of  the  coil  between  x  and  x+dx.    Also,  in  the  notatkm 
of  the  paper  dted  x  is  proportional  to  a  length  along  the  wire.    The 
quantity  v  may  be  regarded  as  defined  by 
0COST-* 
In  order  to  obtain  the  ciurent  distribution  from  «(*)  it  suflSces 
to  note  that 

Thus 


^  is  proportional  to 


Thus,  0  may  be  represented  by  a  semicircular  arc.     The  average 
value  of  JaT- 


Tbe  square  of  ^g*- 
Thus 

With  the  aid  of  this  ejquression,  formula  (13)  for  the  case  of  a  short 
single  layer  solenoid  becomes 


RoAl       X'o  I  +/X'       V     I  R{x)dx 


(14) 


It  is  worth  while  to  call  attention  to  the  fact  that  this  formula 
is  true,  independently  of  whether  the  solenoid  is  in  an  elliptical 
shield  or  not  because  the  term  coth  «„  occurring  in  a(x)  does  not 
affect  the  result. 
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(a)  Case  op  Groundbd  Coil. — In  the  case  of  a.  grounded  cimI 
it  is  easiest  to  compute  the  resistance  with  reference  to  the  un- 
grounded tenninal,  because  if  t,  is  the  cuiient  at  the  terminal,  (.-o 
is  the  condition  which  must  be  satined  for  X,.  Prom  this  resist- 
ance the  resistance  at  any  other  point  may  be  derived. 

This  remark  is  to  serve  as  a  caution  not  to  take  the  grounded 
terminal  as  the  terminal  Xo.  The  formula  (14)  is  then  modified 
only  inasmuch  as  the  factor  0.0S0  is  changed. 

(6)  ExpBRiHENTAi,  TBsT  OP  Rbsistancb  FORMULAS. — ^For- 
mula (14)  is  a  convenient  one  for  experimental  verification. 

If  X  is  not  too  near  to  X»  the  second  term  in  the  parentheses 
may  be  neglected.    Then  (14)  takes  the  simplified  form 

'R(x)dx 

This  is  formula  (35)  of  Lindemann  (loc.  dt.).  It  is  seen,  however, 
from  the  derivation  that  in  the  case  of  a  shielded  condenser  it 
holds  only  for  the  resistance  measured  in  the  ungrounded  lead. 
Also,  it  is  apparent  from  formula  (14)  that  (14')  is  not  an  exact 
expression  even  for  the  case  of  a  coil  made  of  a  perfect  conductor 
and  with  constant  skin  effect  throughout  its  length.  Thus,  for 
the  case  of  perfect  linkage,  nearly  perfect  conductivity,  but  vari- 
able skin  effect,  formula  (10)  holds. 

Since  the  influence  of  the  place  in  which  the  resistance  is  in- 
serted does  not  seem  to  have  been  realized  in  Lindemann's  work, 
a  new  verification  of  formula  (14')  was  thought  advisable.  This 
verification  was  carried  out  on  a  coil  designed  to  satisfy  the 
assumptions  made  in  deriving  (140-  The  coil  was  a  single-layer 
coil  wound  with  stranded  wire  (litz).  The  number  of  strands  was 
32,  and  each  strand  was  insulated  from  the  other. 

According  to  a  calculation  made  by  Lindemann »  the  ratio  of 
the  increase  of  the  resistance  of  a  wire  due  to  sldn  effect  to  its 
direct  current  resistance  is 

■wWr* 
aff*R' 
where  2  »  number  of  strands ; 
r  => radius  of  a  strand; 
R  =-radiu5  of  the  wire; 
ff  —resistivity  in  c^  electromagnetic  units. 

b.  d.  dnhO.  Td..  4,  p.,  JT4  (•■}:  i*»-i9>i. 
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Using  this  formula,  and  also  the  measured  value  of  K,  which 
provai  to  be  200  meters,  the  ratios  of  increase  of  resistance  in 
comparison  with  the  direct-current  resistance  as  well  as  the  meas- 
ured values  are  as  below : 


iKta 

"ssr 

"Tr- 

M 

1. 11* 

1.056 

LOW 

i.m 

1.101 

i.ots 

LOSl 

Okat 
6.a 

0.41 
<.2S 
5.M 
iTl 
5.4T 

Okmi 

In  the  last  column  is  given  the  result  of  dividing  the  measured 
values  recorded  in  the  column  before  the  last  by  the  numbers 
given  in  the  second  and  the  third  columns.     For  example — 
6.65 
**^~i. 142x1. 176 
The  measured  direct-current  resistance  is  4.84  ohms.     It  is  less 
than  the  mean  of  the  last  column  by  0.13  ohm,  which  is  a  devia- 
tion of  2.7  per  cent.    The  values  used  are  values  measured  with 
reference  to  the  imgrounded  lead. 

V.  SUMMARY 

There  has  been  discussed  the  meaning  of  the  term  "resistance" 
when  appli«l  to  a  coil  in  which  high-frequency  current  is  flowing. 
It  was  shown  that  the  term  must  be  applied  only  with  reference 
to  a  particular  point  in  the  dicuiL 

The  computation  of  the  current  at  a  given  point  in  the  circuit 
when  an  emf  is  arbitrarily  induced  in  it  and  when  the  circuit  is 
tuned  has  been  carried  through.  The  results  liave  been  checked 
experimentally. 

The  resistance  of  a  coil  has  been  computed  on  the  assumption 
that  the  effect  on  it  of  skin  e£Fect  is  known.  The  formula  has 
been  checked  experimentally. 

Acknowledgment  is  due  to  Dr.  C.  Snow,  R.  S.  Ould,  and  C.  T. 
Zahn  for  reading  the  manuscript  and  for  suggestions  which  have 
led  to  a  clearer  presentation  of  the  subject. 

Washington,  July  18, 1921. 
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THE  FIELD  RADIATED  FR<^  TWO  HORIZONTAL 

COILS 

By  Gregoiy  Breit 

ABSTRACT 

The  taiijling  at  aiipUnes  can  be  facilitated  by  emitting  from  the  laitdiii(  field  a 
vertical  beam  of  electiDmagnetic  radiation  of  a  radio  frequency.  A  type  of  transmit- 
tingcoilantemiahasbcaidevisedforthispurpoaeby  J.  A.  Wlllou^by,  of  the  Bureau 
of  Standards.  The  behftvior  of  thia  transmitting  cxiil  antcsnft  ia  odculated  in  the 
foUowing  paper.  FMmnlas  are  worked  out  for  the  current  received  in  »  call  acijal 
and  in  an  antenna  oriented  in  a  latovrn  manner  at  a  ntfficient  distance  ftom  the  trans- 
mitter. It  is  found  that  for  eoU  icceptian  if — 
J, —sending  cvrent. 

fiionumber  of  turns  in  either  coil  of  the  transmitter. 
A— distance  between  the  planes  of  the  tiro  colls  of  the  transmitter. 
M,=wtrA  of  either  tnnsmitting  coil. 
J— distance  from  transmitter  to  receiycr. 
0Bsngle  made  by  the  length  t  with  the  vertical. 
^— angle  made  by  plane  of  receiving  coil  with  length  I. 
X— wave  length  used. 
J?— resistance  of  receiving  coil, 
n,— number  of  turns  in  receiving  cmI. 
Af,— area  of  recMvIng  cml. 
/,— received  cnrrent. 
Then 

.I.n,n,M,  M.  A,  «n  t  cos  t  cos  ^ 

sad  lor  open  antenna  receptioa 

,     7.44X10'/.  «.Af.  A,  h,  sin  S  003  «  COS  o 

/,— — snn 

where  Jk,*- length  o(  antnma. 

a— angle  made  by  antenna  with  normal  to  plane  of  I  and  vertical. 
/7— resistance  of  antenna. 
It  is  found  that  If  a  vertical  eoU  aerial  is  used  for  reeeptkn  and  if  the  airplane  fiea 
horizontally  a  maziffium  signal  is  obtained  when  the  distance  J  makes  an  angle  of  30' 
with  the  vertical.  The  influence  of  the  earth  b  also  discussed  for  the  case  when  the 
earth  may  be  considered  as  a  perfect  conductco-.  In  both  cases  it  was  fiaimd  that  the 
energy  was  sent  out  by  die  tranmitter  into  a  re^<nt  iriiich  is  very  riaular  to  what 
Kould  be  obtained  by  constructing  two  coaodal  circular  cones  having  a  common  apex 
and  a  vertical  axis,  the  cones  themselves  being  inverted  and  cat  off  at  a  proper  height 
(peAaps  a  mile  or  moR,  depending  <m  the  sensitivity  of  Hie  receiving  apparatus). 

cohtbhts 

Fsse 

I.  Introduction 590 

11.  Calcniation  rf  field  intendty 590 

(i)  Ciimlar  «h1s 591 

(i)  Rectsngnlar  coils 596 

m.  Applicatloiu 599 

(■)  R^ion  of  audible  ngnal 599 

(a)  Cunent  in  receiving  ooU 603 

IV.  Snmnury 605 

V.  IMof  symbtds 605 

S89 


Digitized  byGoOgle 


590  Scientific  Papers  of  the  Bureau  of  Standards  ivol  it 

I.  INTRODUCTION 

The  usefulness  of  a  beam  of  radio  waves  directed  upward  from 
an  airplane  landing  field  for  assisting  an  airplane  to  locate  the 
landing  area  in  times  of  poor  visibility  is  apparent  During  the 
course  of  some  experimental  work  along  this  line  J.  A.  Willoughby, 
then  laboratory  assistant  at  the  Bureau  of  Standards,  su^ested 
the  use  of  a  special  type  of  antenna  for  this  purpose.  The  thecny 
of  the  radiation  from  such  an  antenna  is  given  in  the  present 
paper. 

Mr.  Willoughby  proposed  the  use  of  an  antenna  consisting  of 
two  horizontal  coils,  one  placed  somewhat  above  the  other,  the 
current  in  one  c<nl  dewing  in  the  opposite  direction  to  that  of  the 
current  in  the  other.  The  current  mis  intended  to  be  of  a  fairly 
high  radio  frequency,  such  as  is  ordinarily  employed  in  radio 
communication  with  airplanes,  so  that  signals  could  be  received 
with  an  ordinary  radio  receiving  set. 

In  general,  it  was  believed  that  the  waves  would  radiate  in  the 
form  of  a  beam  or  inverted  cone  above  the  antenna.  Experiment 
showed  this  to  be  true,  signals  being  received  on  the  airplane  only 
vriien  it  was  nearly  above  and  in  the  immediate  vicinity  of  the 
transmitting  antenna. 

To  determine  from  theoretical  considerations  fht  nature  of  the 
radiated  field  and  the  region  over  which  signals  can  be  heard  at 
various  heights  above  such  an  aerial,  the  foUowtng  calculation 
was  made.  The  calculation  justifies  the  belief  that  ihe  radiatitm 
would  form  a  beam  in  the  form  of  an  inverted  c<Hie  above  the 
transmitting  antenna.  The  results  of  the  calculation  are  expressed 
in  inverse  powers  of  the  distance  from  the  transmitting  antenna. 
The  lowest  power  gives  the  radiation  component  of  the  field. 
The  next  higher  power  may  be  looked  at  as  a  first  approximation 
to  the  induction  component.  In  the  final  formulas  it  is  always 
assumed  that  the  dimensions  of  the  transmitting  coils  and  the 
distance  between  them  are  small  in  comparison  with  the  wave 
length  used.  However,  it  has  been  made  sure  by  additional 
computations  that  the  directional  properties  of  the  radiation  do 
not  depend  on  this  approximation  within  a  wide  range. 

n.  CALCULATION  OF  FIELD  INTENSITY 

The  principle  of  the  calculation  is  based  on  the  soluticm  of 
Lorentz  of  the  general  problem  of  finding  the  electric  field  mten- 
sity  Z  and  the  magnetic  field  intensity  H  at  a  given  point  if 
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the  distribution  of  charges  and  cuireuts  is  known.    The  funda- 
mental equatkms  of  the  electromagnetic  field  are: 


""-f('-|t) 


div  H-O 

where  p  is  the  vohun^  density  of  charge,  K  the  dielectric  constant, 
It  the  permeability,  t  the  time,  B  the  electric  intensity,  '9  t^c 
magnetic  intensity,  c  a  constant  depending  upon  the  choice  of 
units,  and  t  is  the  velocity  of  the  charge.' 
A  solution  of  this  system  of  equations  is 

H  =  curl  A 
c  ot 

the  symbol  {^}  denoting  the  value  erf  V  at  the  clement  of  vcdume 

dr  at  the  time  * — - — ,  r  being  the  distance  from  the  element 

of  volume  dr  to  the  point  at  which  A  ot  4  is  computed.  The 
integrals  are  to  be  extended  throughout  all  space.  A  surface 
distribution  of  charge  is  only  a  special  case  of  volume  distribution. 
Thus,  the  above  solution  for  volume  distribution  applies  in  all 
cases. 

I  In  the  Gaiu^DiAyvtcin  in  tfaliuotatloaAT"!  mnd,t— ifor  air,  udf  iflnuDuricallyeqiultothCT^cidty 
of  H^  <*ppiQiiiiutelv  jXio»),  For  the  clKtronucnetic  >yft*iDii-i.  ^~(vA,citr'<i<  IMtt)*  '**  '^' 
rad  e-i.    Co  the  electnatatic  rrrtem  c-i.  md  f«  ur  K-i,  '■"(jtiocfty'iij  UAt)"'    *'••'*•  •"  *• 
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•Out  of  the  infimte  variety  of  shapes  which  tiie  coils  of  the 
transmitting  aerial  which  is  under  consideration  can  have  there 
are  two  most  easily  amenable  to  analysis.  These  are:  (i)  Cir- 
cular  coils,  (2)  rectangular  coils. 
The  first  has  the  advantage  of 
^mmetry;  the  second  has  the 
advantage  of  easy  practical  con- 
struction and  of  the  possibility 
of  (Staining  particular  solutioiis 
by  elementary  means,  which  also 
hold  to  the  first  order  of  magni- 
tudes for  the  general  case. 

1.  CntCDLlK  COILS 

Consider  a  single  circular  coil 
no.  i.-R^^,y^u,^Udi^-  ^  ^^^  6  in  th£  plane  of  XY. 
With  Its  center  at  the  origin  of 
coordinates.  (See  F^.  i.)  Let  the  dielectric  constant  of  the 
space  around  the  coil  be  K. 
Let  P  be  any  point  in  the  XZ  plane, 

Q  any  point  on  the  circle. 
Also  denote 

^QOY  by  ^ 
ZPOZ  by  9 
OP  by/ 
PQ  by  r 

If  Hie  current  in  the  coil  is  in  the  sense  indicated  by  the  arrow, 
and  if  its  amount  is  /  cos  ait  at  all  points  in  the  wire,  Hien  the 
components  of  the  vector  potential  A  at  P  along  OX,  OY,  OZ  are 


-C- 


*K*"v)^ 


because  the  only  currents  i^ich  exist  are  horizontal,  and  there- 
fore A.-  0;  Ax  is  also  zero,  as  can  be  seen  from  considerations 
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of  symmetry.     It  is  sufGdent,  therefore,  to  consider  oaly  the 
eEiMUSion  {<x  Af. 

The  int^ral  in  this  expression  can  be  written  as  a  power  series 

in  Y  ^^'^  IsTge  vahies  of  /.     I^rom  the  triangle  PQO  we  have 

r-^P  +  b'-2bl  sin  0  sin  ^ 

r-fl  1— y  sin  ffsin  ^  +  -75(1  -sin'  If  sin'  4) I 

and 

--yl  l+jsinffsin«-^(l  -3  sin'ff  sin**)  ■  •  •  J 

Consequently,  cos«ii-pl- 

t/    I   tab  wfc*  \         n 

»  II  — l^+l^  sm  tf  sm  * — 1^(1 -sin*ff  sin**)  j  ■   ■  •  ■ 

N^lecting  the  terms  —y  (1  -sin*  9  sin*  *)  and  -^  (1  -3  sin*0sin**) 

But 

cosi y ^lsm*d*=  0 

X"       /ab  sin  J  sin  *\    .  ,  .  ,  , 
cos  I y ^lsm**d* 

1  C        /"&  an  J  sin  *\ .,  ,.  ,  . 

--I     cosI ^ ^Kl-COS2*)d* 

I  ,  /wfc  sin  tf\      ,  /ai>  sin  ff\] 
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wiiere  />  denotes  the  Bessel  function  of  the  first  Idnd  of  order  n 
and  Ja'  is  the  first  derivative  of  that  function  as  to  its  a 


X".    /w6  sinfiain0\.    ^  ,  ^  ,  /«6  sin  9\ 

sm  (^ y j  sm  *  d  «- 2ir  y,  y      Y     ) 

X".    /ai>  sin  ff  sin  A\   .  ■ ,  ,    ,  . 
smi y -jsm*  4>d^  =■  0 


A,- 


2t/  &*  sin  fl 


I'c 


, ,  /c»6  sia  »\       /,     i  \ 


Since  #  is  constant 
E,- 


tf  dA,    2Tfi  7  6*0)  sin  fl 


Pc- 


2riilbta 


I    yc,*sin»\    .      /,     ;\ 


^.(^)°»'<'4>-- « 

As  /  increases  the  second  term  becomes  much  more  important  thait 
the  first.  For  snfiSdently  large  values  of  Mt  is  the  only  term  of 
importance.  For  this  reason  it  can  be  called  the 
radiation  component  of  B.  It  must  t>e  remem- 
bered here  that  although  attention  was  confined 
to  one  special  point  in  the  OXZ  plane  the  treat- 
ment does  not  lose  any  generality  on  that  account. 
because  the  OXZ  plane  can  always  be  made  to 
pass  through  any  required  pcMnt.  The  whole  ex- 
pression gives  the  electric  intensity  associated 
with  a  single  circular  current  correctly  to  terms 

involving  =•     For  points  very  close  to  the  trans- 
ViQ.a.'—Aiigltand  ' 

ditbuic**  uitd  in    nutting  antenna  it  breaks  down,  because  the 

tilt  eait  of  llMCtr-  I    % 

eular  cMlt  terms  involvmg  ;;>  jjt  etc.,  should  be  taken  mto  ac- 

count. The  expression  can  be,  used  to  calculate  the  effect  of 
two  circular  currents  by  superposing  the  effects  due  to  each 
individually. 
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If  the  current  in  the  two  co3s  is  /  eos  at  at  any  instant,  and  if 
the  quantities/,  0  have  values /,,  0,  for  the'first  coil  and  /,,  9,  for 
the  second  coil,  then  the  resultant  value  of  E,  is 


■^     c-       1         /.  J'\     V     J 


This  is  a  general  expression,  wfaicfa  is  correct  if  terms  involvingacan 

be  neglected.  For  special  caaes  it  can  be  simpli&ed.  For  example, 
if  the  centers  of  the  two  circles  are  both  on  OZ,  if  their  planes  are  par- 
allel, and  if  the  distance  between  their  planes  is  h  (see  Fig.  2),  Uien 

/,  =  /,  +  fccosff  ■   ■  ■ 
andsin  tf,  =  Jsin  fl,  =  (i-jcos*)  sinff 

0  being  approximately  the  mean  of  0,  and  0,.  Therefore,  ne^ect- 
iDg  powers  of  h  higher  than  the  first, 

s">  0,  .      /^     /,  \  ,  ,/«6  sin  0A    sin  0,   .      /      l.\  .  ,/abmn$,\ 

.  a  Isin  » , ,/ui>  sin  »\  .     /,     ;\| 

hsiaicose        &       Isin  tf  ^,/ubsan9\  .      /,      l\\  * 

1 —  ST^S)\-r--''{-nr-)^'\'-v)\ 

"^  — ;; — H-^f) ir-H-^r^) 

r,      ,d    »sta»cos»     a    -\f^'\'~v), /^sne^i 
-L*°^"S i S^g^JI       \        ■''{-IT-} 

63696»— 22 2 
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Performing  the  differentiations  and  substituting 


2TttIbo>'h cos g  -  /wftanffN 
2TfJbwh  a>s  ffl ,  /ub  sin  fl\  .    Jw  sin  ff  .  ,  /ab  sin  9\1         /,      /  \ 


Pc* 


If,  in  addition,  ?^ is  small  compared  to  unity, 7il  — w —  lean  be 

,  ^    «6  sin  ff     . ,,     , ,  /w6  sin  fl\        ,  .      j  t,    1 

«t  equal  to  — -y — ,  while  J^  I  — t^ —  I  can  be  replaced  by  -■ 

Therefore,  if  /t  and  6  are  both  sufficiently  small 
^      tm/6*w%  sin  »  cos  «  ^°"(*~yj 


V'c* 


jypJfrVfe  sin  0  cos  g 


<'-v) 


E,. 


M/i//isin»cosi|l 


[w-sino^Z-j^j    3<^oo3(.^f-py[ 


■W 


where  M  -  T  6* — the  area  of  either  loop. 

The  expresstmi  for  Er  given  in  equation  (2)  enables  one  to  com- 
pute the  electric  field  intensity  at  any  point  whose  distance  from  the 
coils  is  lai^ge  compared  with  their 
radii  and  thdr  distance  apart  This 
is  obtained  in  terms  of  tiie  current, 
its  frequency,  the  distance  &om 
the  coils,  the  velocity  of  light,  and 
the  ang^  between  the  line  joining 
the  point  to  the  coils  and  the  verti- 
cal line  through  the  coils. 

2.   RBCTAHODLAR  COILS 

Let  the  sides  of  the  two  omIs  be 
parallel  to  each  other,  the  lengths 

the  lengths  of  the  corresponding 
sides  of  the  other  being  ^,,9,.  I,et  the  centers  of  the  two  ccnls  be  on  a 
line  perpendicular  to  the  planes  of  the  coils,  the  planes  themselves 
being  paralld  and  a  distance  h  apart.     (See  Fig.  3.) 
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Let  the  origin  of  coordinates  be  at  a  point  midway  between  the 
planes  of  the  two  coils,  the  axis  of  X  being  parallel  to  the  sides  p^,  Pf, 
the  aids  of  Y  parallel  to  qu  9,,  and  the  axis  of  Z  being  drawn  in  such  a 
sense  as  to  make  the  system  right-handed.  Let  the  currents  in  the 
two  coils  in  the  directions  indicated  by  the  arrowheads  on  Fig.  2  be 
I  cos  at.  Consider  the  effect  at  a  point  (X,  0,Z)ia  the  OXZ  plane. 
As  before,  A.  =  A.  ^  o.  In  computing  A^  it  is  to  be  noted  that  the 
distance  from  iX,  0,Z)  to  A^,  is 


hZ 


where /is  the  distance  of  (X,C>,Z)  from  the  origin  and  the  expressicm 
for  the  distance  does  not  take  into  account  terms  of  higher  order  than 
the  first  in  p,  and  h.  Similarly,  the  distances  from  the  same  point  to 
C^.is 

to  A,B,  is 

and  to  CfDt  is 

2/  2/ 

Thus,  since  the  contributions  of  the  sides  A ,  D,,  B,  C„  A,  D„  S,  C, 
to  the  vector  potential  at  (X,  O,  Z)  are  equal  and  opposite,  and 
since  the  distance  of  any  point  in  -4,  B.,  from  (X,  O,  2)  is  to  the 
first  power  of  q  the  same  as  the  distance  from  A,  B,  to  (X,  O,  Z) 


-(!■ 


I     /i,X     hZ\ 

V     ilV^ilv) 


9,  /  cos  a  I  i 

/,  ,  p,X  ,  hZ\ 


^-#-^) 

-M^- 

(3) 
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If  we  are  interested  in  the  radiation  componoit  only,  it  is  justi- 
fiable to  write  the  denominators  of  all  the  foregoing  factions  as 
/,  because 

/+8-7 -?  +  ""'■•  "'"="=*^'- 
/  .      A     (     tZ\  .   «ftX 

—  e+M  rMM  f  ^ ^ ^  '— —  1  am  — i-z — . 


2lV 


Now  let  -^  and  -^  be  small  compared  to  imity.  Then,  since 
T-  <  I  we  can  write  as  an  approximation 

If  now  ^,  qi—pt^t^^ 

And,  again,  if  -7^  is  small  compared  to  unity  then  since  7  <  1 

Et  =  '  -  iyti  Sin  9  cos  9  sm  (dft-p  1  (4) 

in  the  notation  of  the  first  case.  To  the  first  power  of  ji  this  is 
precisely  the  same  as  formula  (2)  of  the  first  case.  This  shows 
that  for  sufficiently  low  frequencies  the  shape  of  the  coils  is  im- 
material as  long  as  their  area  is  kept  the  same.  Moreover,  if  in 
the  ex[»-ession  (4)  we  carry  out  the  calctilatioD  to  the  second 
power  of  21  we  get  in  addition  to  the  terms  so  far  obtained  in  Ar 


TherefcM-e 
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/kZ    p,X\q,,  r     I     pyX  ,  hZ\ 

Vfhich  after  a  few  reductions  gives  on  replacing  the  sines  of  small 
quantities  by  the  quantities  themselves  and  the  cosines  by  1 

which  contributes  to  E, 

Thus,  it  is  seen  that  this  also  agrees  with  formula  (2)  of  the  first 
case.     Therefore,  the  value  of  E,  is  the  same  for  both  circular  and 

rectangular  coils  within  terms  in  the  second  power  of  7.  It  may 
be  well  to  recall  again  the  conditions  under  which  these  first  terms 
may  be  taken  as  approximating  the  actual  value  of  E,.     These  are : 

1 .  -p-  is  small  compared  to  unity.  This  amounts  to  saying  that 
the  wave  length  is  large  compared  to  the  distance  between  the 
coils. 

2.  ^>  -^*>  -^^are  small  compared  to  unity.     This  means  that 

the  wave  length  is  large  compared  to  the  dimensions  of  each  coil. 

3.  The  distance  of  the  airplane  from  the  coils  is  large  compared 
to  the  dimensions  of  the  c<^s  and  their  distance  apart. 

The  same  general  method  will  also  apply  to  the  calculation  of 
the  field  radiated  by  any  number  of  coils. 

m.  APPUCATXOHS 
1.  REGION  OF  AUDIBI^  SIOHAL 

If  an  airplane  is  flying  over  the  two  horizontal  coils,  the  strength 
of  the  signal  received  on  the  airplane  depends  on  the  type  of  re- 
ceiving apparatus  and  upon  the  orientation  of  the  aerial.  A  type 
conmionly  used  consists  of  a  vertical  coil  aerial  fixed  rigidly  to 
the  frame  of  the  machine. 
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For  simplicity  assume  that  the  airplane  is  so  far  from  the  trans- 
mitter that  p:  is  large  compared  to-T- 
Then 

^HI 

"'=  ?  TV 

Let  there  be  a  receiving  coil  placed  at  P  with  its  plane  parallel  to 
OY  and  let  the  angle  which  its  plane  makes  with  the  plane  POY 
be  0.     Then  the  emf  induced  in  the  coil  is 

w*cosw((-^) 
_^ i-cos« 

where  M,  is  the  area  of  the  coil,  ftr  is  the  number  of  turns. 

The  units  in  which  this  result  is  given  depend  on  the  choice  of 
S3r8tem  of  units,  as  explained  at  the  beginning  of  this  paper. 
The  result  is  given  in  volts  by 


MrMtMIh  sin  0  cos  B  cos  A  /.     l\ 

4.675x10*" —j^, ^cosv(t-j^J 


/X* 


29  V 

in  which /is  in  amperes,  X  = >  and  the  lengths  are  in  any  unit, 

provided  the  same  unit  is  used  for  all  including  X  and  the  dimen- 
sions entering  into  Mr  and  M. 

If  /,  w,  and  the  constants  of  the  two  circuits  are  unchanged, 

.      .             _^-       ,  ^   sin  9  cos  6  cos  4 
this  expression  is  proportional  to j 

If  ^  =  o,  i.  e.,  if  the  receiving  coil  is  kept  vertical,  this  number  is 
,     sing  co>s'g 

Consider  now  the  variations  in  ^  as  the  position  of  P  is  varied. 
The  variation  most  likely  to  occur  in  practice  is  a  displacement  of 
P  parallel  to  the  planes  of  the  two  coils;  i.  e.,  along  OX.    Mathe- 

matically  this  amounts  to  making  Z  a  constant  and  since  r  =-  — — ^ 

if-  -  ^  sin  tf  cos*  g 

This  attains  a  maximum  when  cos*  g -3  cos' tf  sin*  g-=o,  i.  e.,  when 

f  neglecting  the  minimum  corresponding  to  g^-  1 

sin  g=--.     orfl— 30°. 
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Thus,  if  the  airplane  moves  horizontally  \Tith  the  receiving  coil 
vertical  the  signal  is  loudest  when  the  airplane  subtends  at  the 
transmitter  an  angle  of  30"  with  the  vertical. 
In  terms  of  the  coordinates  X  and  Z 


'[Z*+Xf' 


T 


X 

z 


•>J 


Fig.  4  shows  the  graph  of  the  function  ■.    5  ti\4  plotted  agMnst 

{  — s-    It  represents  the  variation  of  the  electromotive  force  witii 

the  distance  traversed  by  the  airplane  on  a  scale  which  would 
correspond  to  a  unit  distance  of  the  airplane  above  the  ground. 
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Via.  4.~-R4kUK*  bttwtm  4U(iT<rmotivt/cru  indnetd  in  a  vtrtical  ceil  and  tht  dittanct 
Iraveritd  by  tht  otrplan*  i»  koritonlalJKgU 

This  curvecan  be  used  to  find  the  surface  within  which  the  signal 
is  audible  and  outside  of  which  it  is  not  audible.     In  fact,  for 


potntson  the  surface,  y 


zi^+iy 


must  have  a  definite  value  iC.  -Let 


values  of  (  be  located  on  the  curve.     I^t  these  be  |,  and  {,. 


Since  Z  = 


J_ 


K  (I  +vy 


-i  this  gives  at    once  the  values  of  X  cor- 


responding to  fi  and  {„  which  are 


i,. 


1»__L_ 


it  is  desired  merely  to  determine  the  shape  of  the  resulting  surface. 


we  can  set  if  "  I  and  plot 


(I +{■)■■ 


,_y_ 

(I +5") 


-f  against 


(■+{■)• 
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where  li  and  {,  are  values  of  $  correspondmg  to  -. 


J_ 


Looked 


on  in  a  di£Ferent  light  this  means  that  the  curve  can  be  traced  by 
the  parametric  equations 


The  properties  of  the  curve  can  thus  be  easily  traced  from  these 
cxfKressions.  Thus,  if  {"O,  both  Z  and  X  are  zero  and,  more- 
over, X  is  infinitesimal  compared  to  Z.  Consequently,  here  the 
curve  is  tangent  to  the  axis  of  Z.  Again,  when  f=oo,2  =  X  =  o 
but  now  Z  is  infinitesimal  c<mipered  to  X,  and  hence  the  curve 
touches  the  axis  of  X.    The  curve  is  shown  as  curve  a  in  Fig.  5, 

Table  i  gives  values  of  X  and  Z  corresponding  to  a  series  of 
values  of  ^. 

TABLB  1 


( 

UT^ 

X 

^. 

(i+W* 

ft 

0 

l<m 

us 

xen 
sm 

SM 
31S0 

tm 

I7M 
1251 

tm 

03 

ItOl 

tm 
m 

2500 

mj 

H47 
1761 

a»i 

rm 

2)21 
IMS 

nm 
mi 

12M 
1095 

oatn 

1105 

U» 

, , 

OISM 

If  the  earth  were  a  perfect  conductor,  its  effect  could  be  replaced 
by  the  effect  of  the  images  of  the  two  coils  in  the  surface  of  the 
earth.  The  whole  transmitting  qnstem  can  then  be  replaced  by 
four  coils,  the  two  on  the  inside  carr)'ing  currents  in  the  same 
direction  and  the  two  on  the  outside  canying  currents  in  a  direc- 
tion  opposite  to  that  of  the  inside  coils. 
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In  tliis  case  the  emf  induced  can  be  shown  to  be  ptx)pc»tional 
to  - — -y — — •  There  is,  therefore,  a  muTrimnm  s^^nal  for  hori- 
zontal fi^t  with  a  vertical  receiving  coil  when 

cos*  ff  — 4  sin*  &  cos' 9  —  0 
or  when 

sinff--p,  fl-=36°34' 

V5 

In  order  to  trace  the  volume  within  which  the  signal  is  just  audible, 
we  must  trace  the  curve 

X  Z' 

—  JC,  which  becomes  on  letting  X—^Z 


^    if  (I +!')'■• 

^    K  (I  +{■)•■• 
The  surface  is  obtained  by  revolving  this  curve  about  OZ  and  is 
shown  as  curve  6  in  Fig.  5.     The  general  properties  of  the  curve 
are  the  same  as  those  for  the  case  when  the  earth  is  negligible. 

2.  CinUtElIT  IK  RECEIVnO  COIL 

In  international  electric  units  the  current  received  in  the  coil 
is,  within  certain  linutations,  depending  on  the  properties  of  the 
coil, 

.      4.67  X  10*  hn,ntM,M,ht  sin  9  cos  6  cos  4>  .  . 

^'°  \HR  ^^' 

where  the  symbol  s  refers  to  the  sending  ^rstem,  R  is  the  resistance 
of  the  receiving  coil  circuit,  and  where  the  same  unit  of  length  is 
used  for  X,  I,  M.,  Mr,  K-  If  instead  of  the  closed  aerial  an  open 
antenna  is  used  for  receiving 

-      7.44X  10*  I,n,M,hJh  sin  g  cos  g  cos  or  . 

''"  VRL  ^"^ 

where  R  is  the  resistance  of  the  antenna  circuit  and  a  is  the  angle 
made  by  the  antenna  with  the  local  direction  of  X,  the  other  qtian- 
tities  being  the  same  as  for  equation  (5). 

The  derivation  of  this  paper  neglects  the  reflection  of  the  waves 
from  the  surface  of  the  earth  and  the  effect  of  eddy  currents  in  the 
earth  in  the  neighborhood  of  the  transmitting  set. 
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IV.  SUHUART 

The  nature  of  tlie  field  radiated  by  two  horizontal  coils  has 
been  calculated.  The  cuirmts  received  in  such  a  field  hy  means 
of  a  coil  aerial  and  by  means  of  an  open  antenna  have  been  com- 
puted. 

The  case  of  a  rec^ving  station  installed  on  an  airplane  has  been 
considered  in  detail.  The  portions  of  space  where  the  signal  is 
heard  have  been  ascertained.  The  angle  with  the  vertical  at 
which  the  signal  is  a  maximum  has  been  calculated.  It  was  found 
to  be  30°  for  the  case  of  a  vertical  receiving  coil. 

The  more  complicated  case  of  four  transmitting  coils  has  been 
studied.  Two  of  these  coils  were  taken  to  be  the  image  of  the  other 
two  in  a  horizontal  plane.  In  this  case  the  maidmum  is  shifted 
still  closer  to  the  votical,  namely,  to  26°  34':  This  calculation 
can  be  applied  to  the  case  of  two  coils  situated  above  a  perfectly 
conducting  plane.  If  the  earth  were  a  perfect  conductor,  it 
would  apply  to  the  case  of  two  coils  above  the  surface  of  the 
earth.  It  is  im[Hobab1e  that  in  ordinaiy  cases  the  conductivity 
of  the  earth  is  sufficiently  high  to  justify  such  an  approximation, 
^nce,  however,  both  in  the  case  of  an  earth  having  a  perfect  con- 
ductrviQr  and  in  the  case  of  an  earth  having  zero  conductivity  the 
maximum  signal  strength  is  found  approximately  at  30°  with  the 
vertical,  this  can  also  be  expected  for  ordinary  conductivities. 

Acknowledgment  is  due  Dr.  J.  H.  DeUinger  and  L.  E.  Whitte- 
more,  of  the  Bureau  of  Standards,  and  to  Dr.  F.  D.  Muma^^ian, 
of  the  Johns  Hopkins  University',  for  reading  the  manuscript  and 
for  suggestions  as  to  the  choice  of  symbob  used  in  the  paper. 

V.  LIST  OF  SYMBOLS 

H  =  magnetic  intensity. 

C"  a  constant  depending  upon  the  choice  of  units. 

T — velocity  of  charge. 
K  °-  dielectric  constant. 

x=3.i4i6. 
/  —  time. 
dr  -^  element  of  volume. 

X  —  electric  intensity. 

fi  "  permeability. 

p  —  volume  density  of  charge. 

A  -  vector  potential  at  P. 

*"ZeOy(p.592)  (Fig-«. 
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A  —absolute  value  of  vector  poteatial  at  P. 

r~  distance  from  element  of  volume  dr  to  the  point  at  which 
A  or  ^  is  computed. 

6  -  radius  of  circular  coil  aerial. 

V  =  velocity  of  light. 

J?  =- resistance  of  receiving  drcoit. 

I  ~  distance  from  transmitting  to  receiving  ^paratus. 
A.  -component  of  vector  potential  in  direction  OX. 
A,  —component  of  vector  potential  in  direction  OY. 
A,  >=  component  of  vector  potential  in  direction  OZ. 

u  —  3  TXfrequency. 
(r)  is  a  subscript  referring  to  the  receiving  system, 
(f)  is  a  subscript  referring  to  the  sending  system. 
Mt  ■=  area  of  receiving  coil. 
M,  =-  area  of  sending  coil. 
n.-=  number  of  turns  in  transmitting  coil, 
n,  -number  of  turns  in  receiving  coil. 
Ar— height  of  receiving  antenna. 

ft  •'A. -distance  between  transmitting  coils. 

X— wave  length. 
Washington,  Jufy  14,  1921. 
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AN  IMPROVED  METHOD  FOR  PREPARING  RAFFINOSE 
By  E.  P.  Ckik 


Owbv  to  the  dcawoda  mtAc  by  cfaennata  and  bacteriologuts  for  apedficatioiu  and 
standaida  for  raffinoee,  a  convenient  and  eotmomical  nwthod  for  its  prepaiBtJon  liM 
been  developed  so  tliia  may  be  bm^ht  about. 

Cbttonoeed  taeal  is  extracted  with  water,  the  liquor  freed  ttom  imparities  witii  baric 
lead  Acetate,  and  the  raffinose  present  is  lemoved  from  tlie  liqiud  as  an  insoluble  line 
con^tound.  This  raffinosate  is  deconqxned  with  CO),  and  the  free  sugar  resulttug  ia 
crystallized  from  its  concentrated  mvp  by  means  of  alcohol. 

A  device  for  carbcmating;,  which  fa  useful  for  many  other  pioposes,  is  also  described. 

Several  methods  have  been  proposed  for  the  preparation  of 
raffinose.*  All  these  procedures,  however,  with  the  exception  of 
the  method  of  Hudson  and  Harding,  as  these  authors  have  well 
pointed  out,  have  many  serious  disadvantages.  The  latter 
method,  while  it  is  a  decided  improvement  over  all  others  and 
gives  fairly  good  results  on  very  small  lots,  nevertheless  has  objec- 
tionable features  when  applied  to  the  preparation  of  larger  quan- 
tities of  the  sugar.  Chief  among  these  may  be  mentioned  the 
tedious  procedure  in  extracting  the  meal,  the  necessity  of  evapo- 
rating large  quantities  of  water  due  to  the  excessive  dilution  of 
the  extract,  and  the  quantity  and  cost  of  the  reagents  required. 
The  following  method  overcomes  these  disadvantages  and  enables 
one  to  prepare  relatively  large  quantities  of  this  sugar  by  a  con- 
venient and  economical  process. 

Five  kilograms  of  coarsely  groimd  cottonseed  meal  are  thor- 
oughly moistened  with  a  liters  of  water  and  allowed  to  stand  over- 
night. The  meal  Is  then  loosely  packed  in  a  cylindrical  percolator, 
and  sufficient  irater  added  to  satiu^te  the  meal  and  leave  a  stratum 
above  it.  When  the  liquid  begins  to  run  from  the  percolator, 
more  menstruum  is  added  from  time  to  time  tmtil  a  sample  of  the 
percolate,  after  defecation  with  dry  basic  lead  acetate,  has  an 
optical  rotation  of  not  more  than  i  °  in  a  2  dm  tube.'  The  process 
is  then  stopped,  and  the  poxnlate  is  treated  with  a  solution  of 
basic  lead  acetate  tmtil  no  more  precipitate  is  formed.  The 
grellow  precipitate  is  filtered  off  upon  large  folded  filters  and 
finally  washed  on  the  filter  witfa  a  little  water.     The  filtrate  and 


tt  ditScnlty  In  (lie  anbaoitMiit  nefM,  u  well  u  flTc 
npUperPolAtlffi,ccBiaiiUilf  not  more  than  jstojssilnuto;  uid  Jt  [■  not  cxpsliciit  to 
tlcD  berood  when  the  optical  ratatka  «f  tbclkiaid ii  k*>  tlua  I*  in  ■  1  dm  inbt. 
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washings,  wbich  should  have  a  volume  of  12  to  13  liters,  are  freed 
from  the  excess  of  lead  witli  ozaltc  add.  The  lead  oxalate  b 
removed  and  washed  on  the  filter  with  a  little  water.  The  filtrate 
and  washings  are  thorou^y  mixed,  measured,  and  the  optical 
activity  of  the  liquid  determined.  It  is  then  made  dist^ictfy 
idkaUne  to  Htmus  with  soditmi  hjrdroxide.  The  precipitate  ^us 
formed  fiocks  out  and  settles  to  Uie  bottxHn  of  the  vessel  in  a  few 
minutes.  The  supernatant  liquid  is  next  filtered  throu^  a 
Buchner  funnel  provided  with  a  thin  lajrer  of  decolorizing  carbon 
on  filter  paper.  The  filtrattcm  is  rapid  tmder  these  conditions, 
and  when  all  has  passed  through,  the  jnccipitate  is  placed  on  the 
filter  and  drained. 

The  raffinose  is  next  icmoved  btaa  the  sdution  by  forming  the 
insoluble  calcium  ra£Gnosate.  To  conveniently  aocom|dish  this 
the  liquor  is  cooled  to  10°  C  or  lower,  piaced  in  a  jar  or  other  suit- 
able container,  and  rapidly  stirred  with  a  mechanical  stirring 
device.  As  it  is  being  agitated  a  quanti^  of  powdered  active 
Ume,  preferably  300  mesh,  but  not  coarser  than  100  mesh,  sufficient 
to  precipitate  all  the  sugar  is  slowly  sifted  in.  After  all  has  been 
added,  the  stirring  is  continued  for  about  five  minutes.  If  tiie 
lime  is  active  and  the  optical  activity  of  the  solution  is  calculated 
to  rafSnose  hydrate  with  a  specific  rotation  of  about  105°,  i  g  of 
lime  to  I  g  of  ra£Gnose  is  sufficient  ior  complete  precipitation. 
However,  tmless  the  activity  of  the  lime  is  known,  it  is  advisaUe 
to  test  the  liquid  to  see  if  all  the  sugar  has  been  removed;  if  not, 
more  Ume  sfau^uld  be  added.  The  calcium  raffinosate  is  filtered 
oS,  washed  by  grinding  up  to  a  smooth  paste  with  2}4  liters  of 
cold  lime  water,  and  again  filtered. 

It  is  next  carbonated  to  neutrality.  Emphasis  is  to  be  laid 
upon  accomplishing  this  easily  and  quickly.  The  device  illustrated 
in  Fig.  I  was  used  for  this  purpose.*    The  cake  of  raffinosate  is 

'Till  ildltiiiiimmHiIIji  llwl  ill  iilnml  li]  TTt'  Tliiliiilji.  if  llii  Tim  'D'nliiii  "ii|«i  Pii .  ti»  mlim 
Mmg  beet  Juico.  It  conaiiU  ti  ui  ordiiury  Aiirmg  apparatus  that  mar  ba  damped  to  any  licld  bbor*- 
tary  Hippan  atand.  Tbe  itlrrini  aluft.  A .  U  made  d  (led  tublni  B  nun  luaidr  dUtnMo,  Jiut  below  the 
shaitiuppartiiaimiaa.B.  towUdiiajofaielanaUKrKctkntf  sbiUmtti  the  dcaiTed  Isifth.  Fvaoat 
libcistorr  innk  ■  ImiUi  o(  4j  cm  Is  sufHcicnt.  Atudtcd  tn  the  bwcr  end  an  two  tnnniolu  plates. 
1%f*e  plates,  which  are  i  mm  thick  and  whose  aides  are  7;  mm  Jane,  are  held  1  mm  apart  by  3  livcts  near 
the  apex  U  the  anflei.  The  pUte  attKhed  to  the  Bhaitiui  has  an  epoilaf  oooiuctiiig  with  the  itintilc 
rod.  The  bottom  pUte  bRS  ao  opeaiHE.  C  Is  a  bcuEGhk  box  made  by  tbnply  attaddm  to  the  stlrrfaif 
■baft  a  shun  piece  of  iDod  rubber  tubmi  m  irtilch  is  placed  a  w«ll<iiled,  dosely  fitIln(Coth(3llDde.Z7. 
throufli  whldi  a  piece  a(  tlass  tubing.  £.  is  Inietcd.  Tht  ilsM  tube  is  held  il(ld  br  n 
The  coric  Urn*  amaftd  nay  benade  la*  tlfht,  and  ittll  Cum  Inelr ,  by  tigfat^unc  I ' 
Itwithawite;  InddcnUDy,  this  apiwfatw  may  b*  used  to  adniitaie  igr  a  a 
the  wok  described  In  this  papa-,  wbn  any  stininc  was  done  or  where  pRcipltatet  were  innnd  up  with 
water  hi  ordB- to  wash  thon .  the  Muffini  boa  BttadmMnt  was  ranoTtd  and  tl^  npw  orifice  of  tbe  tumfaif 
shaft  corked.  Tie  precipitate  was  placed  in  a  suitablr  container  with  the  liquid  used  to  wash  it  and  the 
sppinCus  turned  for  i  or  1  minutes.  At  the  end  at  this  time  the  mixture  wss  a  petlectly  smooth  paste, 
•a  tumps  belni  completely  broken  up.  It  bu  a1»  been  used  very  eSectivdy  in  deonnposinf  lead  pie- 
i^pltates  with  hydroECB  sulphide.  QuanUtles  at  lead  pRdidtates  whidi  would  normally  require  (rem 
j'to  4  honn  lor  caupktc  damnpadtioa  have  been  dtovBpeaed  ctmpletely  la  ijtosandamc*. 
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placed  in  a  deep,  narrow  can  of  atiout  8  liters  capacity  and  filled 
three-fourths  full  of  water  at  50°  C,  and  a  lively  stream  of  carbon 
dioxide  is  passed  through  the  ^paratus  while  it  is  being  turned 
about  15C0  rpm.  In  this  way  tlu  gas  is  centrifugally  distributed 
and  neutralizes  the  Hme  in  4  or  5  minutaSi  witl^ot  any  loss  of  CO^ 
The  solution  is  filtered  while  hot,  and  the  precipitate  is  wa^ied 
by  grinding  up  with  2  liters  of  water  and  again  filtering.  The 
combined  liquors  are  evaporated  under  din»nished  pressure  to 
70  to  75  per  cent  total  solids  and  warmed  to  about  60°  C.  To  this 
sirup  95  per  cent  ethyl  alcohol  is  added  just  to  saturation.  The 
alccAiolic  solution  is  then  warmed  on  the  water  bath  to  about 
60°  C  and  filtered  throu^  a  small  Buchner  funnel  in  which  has 
been  placed  a  mat  of  washed  asbestos.  The  filtrate,  which  is 
brilliantly  clear,  is  seeded  and  placed  in  the  ice  box  to  crystallize. 
Two  days  are  generally  guffi-^'/^it  fox-  complete  crystallization. 

The  raffinose  is  fittoed  off  from  tiie  mother  liquor,  washed  first 
with  80  per  cent,  then  95  per  cent,  alcohol,  and  dried.  The  yield 
varies  considerably,  accrading  to  the  amount  of  sugar  in  the  meal ; 
but  from  a  number  of  different  experiments  in  which  different 
meals  were  used,  yields  horn  2.3  per  cent  to  4  per  cent  were  ob- 
tained. The  crude  sugar  thus  prepared  is  quite  pure,  containing 
only  from  0.06  to  0.08  per  cent  adi. 

To  purify  crude  raffinose,  a  40  per  cent  solution  (anhydrous 
sugar)  is  made  by  dissolving  it  in  distilled  water  at  70°  C.  The 
warm  solution  is  filtered  through  a  mat  of  asbestos  and  placed  in 
the  ice  box  to  crystallize.  The  crystals  are  freed  from  mother 
Hquor,  washed  with  80  per  cent,  then  95  per  cent,  alcohol,  and 
dried.  A  sample  of  air-dried  material  thus  purified  contained 
aoo5  per  cent  ash. 

An  alternative  method  of  recrystallization  is  to  concentrate  tfie 
above  40  per  cent  solution  imder  reduced  pressure  to  70  per  cent 
total  solids,  warm  to  70°  C,  and  add  two  volumes  of  95  per  cent 
alcohol  with  constant  stirrii^.  CrystaUization  begins  almost  at 
once  and  is  complete  in  a  few  hours.  The  crystals  are  filtered  off, 
washed  with  95  per  cent  alcohol,  and  dried. 

An  air-dried  sample  thus  prepared  contained  0.015  P^  ^^^^^  ^^> 
and  its  rotation,  after  being  completely  dehydrated,  was 
[a]5=i23.23  (io.oi36gper  100.00 cc); 
[aJSiei  1  - 144-95  (10.0136  g  per  looxw  cc) 

Washington,  October  7, 1921. 
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THERMAL  EXPANSION  OF  A  FEW  STEELS 

By  WUmer  Soudei  and  Petei  Bditeit 


Thennal  expamioii  data  an  given  on  aS  ipedmeita  of  Iron  and  steel.  ICoat  of  the 
apecimeiis  were  heated  above  900°  C.  Tablea  and  curves  an  lued  to  suimiupze 
the  results.  The  tests  'were  made  by  direct  measurements  of  tlie  length  changes  and 
not  relative  to  some  other  substance  or  element.  The  obKrvations  were  made  without 
distttrtun;  the  furnace  or  apedmen  and  therelbn  give  correct  relative  values  Ua  aQ 
temperature  iotcrvals. 

Variations  in  length  changes,  contiactioo  and  ezpsnaion  nveisala  iriiile  pasdag 
through  the  critical  regions,  and  similar  changes  are  compared  and  discussed. 

An  attempt  is  made  to  throw  some  Ught  on  the  magnitude  of  the  tendency  toward 
warping  or  surface  ciBcUng  aa  related  to  the  nte  of  moling  and  widU)  ol  critical 

Expansion  coefBcients  ar;  tabulated  for  the  various  alloys  and  for  various  tempera- 
ture intervals. 

Data  on  one  specimen  of  vacuum  electrolytic  iron  and  one  of  gray  cast  iron  are 
recorded.  The  length  changes  incident  to  the  drawing  of  a  sample  of  hatdened  steel 
are  shown  in  a  curve. 

A  brief  review  of  some  of  the  previous  work  on  expansion  is  included. 
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1.  niTRODUcnoif 

The  anomalous  expansion  of  iron  and  certain  steels  when 
heated  over  the  range  600  to  1000*  C  has  been  known  for  a  num- 
ber of'  years.  The  structural  changes  taking  place  at  or  near 
these  points  of  nonuniform  expansion  have  been  given  consider- 
able attention  within  the  last  decade.  In  addition  to  the  irregu- 
larities in  expansion,  which  are  influenced  by  these  changes, 
there  are  numerous  other  physical  properties  which  are  modified 
during  the  passage  through  the  above  temperature  range.  AmMig 
the  efifects  which  have  been  used  to  more  accurately  chart  this 
region  are:  Changes  in  electrical,  magnetic,  elastic,  and  thermal 
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properties,  changes  in  microstTuctiire,  hardness,  and  rate  of 
expansion. 

The  present  paper  presents  additional  data  on  the  last-named 
property,  and  while  the  emphasis  will  not  be  placed  on  the  struc- 
tural or  molecular  phases  often  accompanying  the  variations  in 
expansivity,  it  is  felt  that  the  data  may  be  of  sufifident  accuracy 
to  warrant  their  use  for  certain  parts  <^  such  study  should  one 
care  to  make  such  use  of  them.  The  results  represent  direct 
measurement  <^  expansion  on  a  number  of  selected  specimens 
and  are  perhaps  above  the  average  in  accuracy  for  direct,  con- 
tinuous measurements  of  thermal  expansion. 

The  principles  of  hardening  and  heat  treatments  of  steel  are 
dependent  to  some  degree  upon  the  proper  handling  while  within 
the  above  range.  Our  comments  cm  the  dimensional  changes 
will  bear  upon  the  physical  effects  nrfiich  may  be  expected  to 
accompany  these  dimensional  irregularities.  The  shrinkage, 
warping,  surface  cracking,  and  usual  lack  of  highest  accuracy  t^ 
dimensions  met  in  heat-treated  work  render  data  on  expansion 
and  contraction  worthy  of  careful  consideration. 

2.  PREVIOUS  WORT 

Svedelius,  Le  Chateher,  Charpy  and  Grenet,  Gmllaume,  Driesen, 
Honda,  and  other  investigators  have  done  work  on  the  thermal 
expansion  of  iron  and  steel.  Since  a  satisfactory  review  of  their 
work  would  require  considerable  space  in  comparison  with  that  of 
the  other  sections  of  this  paper,  it  was  decided  to  point  out  only  a 
few  of  the  results  or  conclusions  of  some  of  the  previous  observers. 
For  additional  information,  reference  should  be  made  to  the  original 
papers. 

Charpy  and  Grbnet  '  found  that,  if  small  samples  of  medium 
steels  (0.6  to  I  per  cent  C)  and  of  high-carbon  steels  were  heated 
above  900"  C  and  quenched  in  water,  the  expansion  curves  of  the 
fcomer  show  abrupt  contraction  of  about  i  per  cent  between  350 
and  350°  C,  and  the  curves  of  the  high-carbon  steels  indicate  two 
contractions,  one  at  about  150  and  the  other  at  300°  C. 

In  a  later  paper*  these  authors  compare  results  obtained  in 
the  critical  regions  of  steels  by  three  different  methods.  The 
following  tables  show  the  comparative  values: 

iQuqiy  and  Gtatat.  C,  R..  IM,  pp.  v*-m;  Jm<  '>-  laos- 
■Ouipy  and  Gnact.  C  K.,  It),  pp.  ]6rsM;  Oct  le.  ifo*. 
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TABLE  1.— CfinparlHa  of  BlactrUal  lUsMiiKe  sad  DIlatatlMn  KadMda  <Cawi|r 
and  GiMMt) 
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Chakpy  and  Coknu'  found  that  more  than  1.3  per  cent  Si  in 
low-carbon  steels  (0.1  per  cent  C,  0.3  Mn),  caused  the  expan^cm 
curve  to  be  almost  rectilinear  from  o  to  900"  C,  without  an  indica- 
tion of  a  critical  regicm.  However,  for  an  alloy  containing  0.35 
per  cent  C  and  0.8  per  cent  Mn,  it  required  4.5  per  cent  Si  to  show 
a  similar  phenomenon. 

Deibsbn  *  states  that  above  the  critical  r^ion,  the  coefficients 
of  expansion  of  carb<m  steels  are  practically  constant  for  samples 
containing  less  than  0.85  per  cent  C.  This  conclusion  is  in  agree- 
ment with  the  results  of  Charpy  and  Grenet.*  The  carbon  steel 
containing  0.33  per  cent  C  showed  the  maTiTnuTn  change  of  length 
during  the  critical  region.  Honda  *  gives  data  which  are  in  close 
agreement  with  this  result,  ftn-  he  found  that  a  steel  containing 
0.31  per  cent  C  indicated  the  maximum  contraction  in  the  trana- 


■  Cluipr  and  Comn,  C  R.,  tM.  pp.  1140-134];  i 
'Drio^,  Fcrmni.  II,  pp.  jbv-ijS.  Feb..  BDd  , 
Sept. -Oct..  19.  J. 
'CbaipyaBdOmel,  C.  R.,  IM.p.  54Di  ign. 
•  HoDda,  TOhoku  Univ..  5d.  RcporU.  •.  pp.  »] 


1;  RCT.  dc  MH..  U,  pp.  tHitt. 


Digitized  byGoOgle 


6i4  Scientific  Papers  of  the  Bureau  of  Standards  iva-rr 

fonnation  region.  Driesen  also  found  that  steels  containing  more 
than  0.65  per  cent  carbon  and  quenched  from  above  900°  C  con- 
tract on  reheating  to  about  300°  C,  and  with  steels  containing 
more  than  i  per  cent  carbon  a  similar  phenomenon  is  also  observed 
at  100  to  150°  C. 

0K6cm  AND  Sat6  '  determined  the  growth  of  gray  cast  iron  on 
repeated  heatings.  They  found  that  permanent  growth  is  never 
produced  below  the  transformation  temperature.  They  state  the 
rapid  expansion  from  about  650"  C  to  near  the  transformation 
point  in  the  first  heating  is  due  to  the  separation  of  free  carbon 
from  cementite.  There  are  two  periods  of  growth:  (i)  During  the 
transformation,  and  (2)  at  temperatures  above  the  transformation. 

Benedicks  and  others  have  used  certain  modiBcations  of  the 
thermal  expansive  relations  to  more  accm^tely  define  transforma- 
tions in  structure,  etc.  However,  since  these  tests  are,  in  general, 
only  differential  tests  of  expansivity,  no  claims  being  made  for  the 
absolute  values  of  thermal  expansion,  or  since  their  application 
has  been  limited  to  metallurgical  considerations,  it  is  not  within 
the  province  of  this  review  to  discuss  their  results. 

In  many  instances  we  have  been  prevented  from  making  more 
detailed  comparisons  of  this  work  with  that  of  other  investigatora 
because  of  the  more  complex  composition  of  these  steels.  White 
the  agreement  on  carbon  content,  for  example,  may  be  good,  the 
included  manganese,  vanadium,  or  chromium  may  have  introduced 
an  unknown  effect.  These  steels  were  selected  with  the  idea  of 
securing  representative  specimens  rather  than  any  special  series 
cS  some  one  alloying  element. 

3.  APPARATUS 

The  apparatus*  of  ^e  Bureau's  expansivity  laboratory  was 
used.  The  specimens  were  30  cm  in  length  and  about  i  em  in 
diameter.  The  platinum-osmium  position  wires  were  placed  in 
sharp  V-notches  cut  near  each  end  and  at  right  angles  to  the 
axis  of  the  specimens.  In  this  manner  the  oxide  which  always 
formed  did  not  influence  the  longitudinal  separation  of  the  vertical 
position  wires.  Attempts  to  gold  plate  the  specimens  or  to  use 
neutral  gases  in  the  furnace  were  not  successful,  due  perhaps  to 
the  occluded  gases  which  could  not  be  displaced;  hence  the  above 
method  of  setting  the  wires  in  notches  was  adopted  and  proved 
quite  satisfactory. 
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4w  KBSULTS 

This  work  (with  one  or  two  exceptions)  deals  with  annealed 
alloys.  The  specimens  were  carried  through  the  transformations 
at  a  slow  rate  of  temperature  change,  usually  less  than  i  degree 
per  minute.  The  length  changes  showed  little,  if  any,  1^  for 
temperature  variations.  Intentional  reversals  in  temperature 
gradient  were  accompanied  by  corresponding  reversals  in  length 
changes  and  without  a  lag  of  more  than  2  minutes.  A  further 
confirmation  of  the  uniformity  of  temperature  throughout  the 
entire  specimen  is  found  in  the  sharp  breaks  in  the  expansion 
curves,  indicating  that  practically  all  parts  began  the  transfor- 
mation at  tlie  same  instant.  This  uniformity  of  temperature  is 
mcH<e  readily  maintained  at  high  temperatures  than  at  lower 
temperatures  because  of  the  rapid  increase  in  rate  of  transfer 
of  radiant  enei^  with  increase  of  temperature. 

In  some  instances  the  tests  were  disturbed  before  all  data 
were  taken,  and  in  repeating  the  test  only  a  few  points  were 
taken  within  the  range  of  the  previous  test.  These  points  usually 
f^reed  with  the  previous  test,  and  in  such  cases  the  second  run  is 
shown  in  the  curve  as  a  dotted  or  broken  line.  (See  Fig.  15.) 
Heating  values  are  indicated  by  open  center  circles  and  cooling 
values  by  dark  center  circles.  Where  the  observations  were  so 
numerous  that  these  drclea  interfered  with  each  other  the  curve 
has  been  omitted.  The  specimen  was  watched  constantly  to  see 
that  no  smaller  variations  were  overlooked.  When  the  expansion 
or  ccmtraction  appeared  to  be  regular  these  intervening  observa- 
tions were  not  recorded,  or  if  recorded  were  not  used  in  the  plots. 

The  cast-iron  specimen  S483  (Fig.  17)  is  included  to  show  the 
rapid  growth  at  high  temperature.  Additional  work  is  being 
planned  to  cover  this  field  more  thoroughly.  The  specimen  of 
hardened  steel  (Pig.  16)  gives  a  graphical  picture  of  the  shrinkages 
accompanying  the  drawing  process. 

Little  if  any  of  the  above  work  can  be  considered  as  new  infor- 
mation. It  is  perhaps  a  further  confirmation  of  the  findings  of 
other  observers,  many  of  which  were  using  entirely  different  lines 
of  attack.  The  results  will  indicate  the  acciuracy  and  ease  with 
which  it  is  possible  to  investigate  materials  at  higher  tempera- 
tures by  this  method  of  thermal  analysis.  Doubtless  much  of  the 
value  of  these  data  will  be  worked  out  by  those  more  closely  con- 
nected with  the  industrial  applications  of  such. 

The  results  of  the  expansion  measurements  are  given  by  the 
curves  of  Figs.  2  to  22  and  the  data  relating  thereto  are  assembled 
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in  Table  3.  These  results  can  be  more  readily  interpreted  by 
classifying  them  under  the  characteristics  of  the  theoretical  curve 
of  Fig.  I.  This  curve  represents  the  critical  regions  within  which 
anomalous  length  changes  occur. 
Most  of  the  specimens  followed 
the  sequence  of  expansion  as 
shown  by  the  curve  A,B,C,  D,  E. 
F,  G  of  this  figure.  The  length 
increments  were  usually  quite 
regular  up  to  point  B,  where  they 
reversed  sign  and  were  recorded 
as  contractions  until  point  C 
was  reached.  From  point  C  the 
expansion  was  usually  greater 


TcMfOMTMe 
-Thtordical  exfantion 
rangt  600  to  goo''  C 


than  at  any  previous  point.  On  cooling  from  DtoE  the  contrac- 
tion corresponded  to  the  expansion  on  heating.  At  E  the  con- 
traction ceased  and  an  expansion  was  recorded  until  point  F  was 
approached.  Below  this 
point  the  contraction  was 
again  similar  to  the  corres- 
ponding expansion  record* 
ed  on  heating. 

The  values  for  vacuum 
electrolytic    iron '    (S507, 
Fig.  2)  may  serve  as  refer- 
ence values  for  the  alloys. 
The  temperature  interval 
of  contraction  with  heat- 
ing (B,  B'  of  Fig.   i)  ex- 
tended from  912  to  917*0.  i 
The  corresponding  interval 
of  expansion  with  cooling 
{E',  F)  extended  from  906 
to903°C.     These  intervals 
of   temperature  represent 
the  retardations  due  to  in-       ^'*-  ^-^P"*^  ^""/"^  ^MOfolytic  iron 
herent  resistances  to  this  chat^e,  to  impurities  present,  to  our 
ftnite  rate  of  heatii^  or  cooling.     Where  the  retardations  exceed 
these  limits  they  may  be  assumed  to  be  the  results  of  alloying 
elements. 

•Hwlc  br  Dr.  A.  W.  Owen,  of  thli  Bureau. 
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The  temperature  interval  between  points  C  and  E  (CC)  is  not 
constant  and  varies  fron  11°  C  for  iron  to  an  indefinite  value  <^ 
about  350°  C  on  specimen  S553  (Fig.  3).  Specimen  S484  (Fig.  4) 
is  not  included  in  this  comparison  because  of  the  lack  of  proper 
temperature  range  necessary  to  bring  out  these  differences. 

The  low  expansivity  of  invar  at  room  temperatures  is  due  to 
the  fact  that  this  E,  F  region  has  been  lowered  to  corresponding 
temperatures.  Other  specimens  of  nickel  steel  showing  this 
lowering  of  the  E,  F  region  are:  S559  (Fig.  5)  and  S563  (Fig.  6). 
These  curves,  including  S4S4,  give  their  relations  to  other  steels 
at  high  temperatures.  Excluding  nickel  steels,  the  greatest  dis- 
placements are  given  by  S546  (Fig.  7),  S547  (Fig.  8),  and  S504 
(Fig.  9).  On  S556  (Fig.  10)  this  difference  is  only  17°  C,  whereas 
on  S546  (Fig.  7)  it  amounts  to  1 10°  C.  Now,  the  usual  procedure 
in  hardening  steel  is  to  quench  from  some  temperature  a  certain 
number  of  degrees  above  the  temperature  of  the  irregularities  of 
the  heating  curve.  Should  it  develop  that  the  most  desirable 
quahty  is  present  in  the  steel  at  point  E  (after  having  passed 
pcunt  C)  rather  than  at  point  C,  it  is  conceivable  that  errors 
approaching  100°  C  may  have  entered  the  quenching  values. 

Alloys  showing  the  maximum  differences  between  tempera- 
tures S  and  C  {BB')  are  S504  (Fig.  9),  S556  (Fig.  10),  and  S554 
(Fig.  11).  Similarly  between  E  and  F  {E'F)  we  have  S504 
(Fig.  9),  S562  (Fig.  12),  and  8553  (Fig.  3).  Cast  iron  is  excluded 
because  of  the  indefiniteness  due  to  growth. 

Perhaps  one  of  the  most  important  variations  is  that  of  length 
change  between  E  and  F  {EE').  If  we  assume  the  usual  stress- 
strain  relations  as  applying  in  this  case  then  the  stresses  set  up 
within  a  specimen,  the  outer  shell  of  which  has  passed  through 
this  range  before  the  inner,  will  be  proportional  to  the  length 
(EE') .  This  feature  will  be  discussed  later  in  connectiou  with  the 
restdts  of  a  hardened  specimen  (S614).  Specimens  S551  (Fig. 
13)  and  S566  (Fig.  14)  illustrate  this  maximum  expansion  on 
coolit^.  The  rate  at  which  this  stress  is  apphed  depends  upon  the 
value  of  EE',  the  value  of  E'F,  and  the  rate  of  cooling  of  the 
different  sections  of  the  specimen. 

It  is  interesting  to  note  that  the  specimen  of  high  silicon  steel 
S457  (Fig-  15)  save  only  shght  if  any  reversals  although  heated  to 
1002°  C. 

The  coefficient  of  expansion  of  iron  over  the  range  25  to  100°  C 
is  12.0  Xio^*.  The  average  value  for  25  of  the  steels  tested  is 
ii.2Xio~*,  and  the  deviations  (excluding  high  chromium  and 
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nickel  steds)  are  small.  The  average  value  from  25  to  600°  C 
is  14.2  X  lo"*.  Above  the  critical  regions  the  values  jump  to 
values  between  22.6x10"*  and  24.1X10^.  The  special  high 
carbon,  nickel,  and  silicon  steels  are  not  included  within  this  range. 
The  cooling  coefficients  are  closely  related.  Within  the  critical 
region  the  coefficient  is  quite  different,  usually  reversing  sign. 
This  reversal  of  sign,  or  expansion  on  cooling,  may  set  up  stresses 
in  the  hardened  steel  which  if  not  properly  released  will  cause 
cracking  or  distortion.  The  higher  the  temperature  above  the 
critical  region  from  which  the  specimen  is  quenched  and  the  faster 
the  rate  of  cooling,  the  greater  should  be  the  tendency  to  these 
defects.  Undoubtedly  the  coarser  grain  structure  of  the  higher 
temperatures  has  some  influence;  but  the  cooling  of  the  outer 
layer  before  the  interior  cools  will  set  up  stresses,  since  this  outer 
layer  adapts  itself  about  the  interico'  before  the  interior  has  passed 
through  the  critical  region  \diere  it  will  tend  to  expand,  and  to 
stretch  or  crack  the  outer  shell.  The  release  of  this  stress  of  outer 
shell  is  shown  in  S614  (Fig.  16).  The  relative  amount  of  this 
stress  can  be  compared  in  the  column  headed  "Expansion  ju/m 
(cooling." 

The  works  of  Honda,'",  Chevenard,"  and  others  show  that 
quenching  steel  may  carry  point  E  several  hundred  degrees  below 
the  normal  slow-cooling  position  recorded  in  our  tests.  If  we 
apply  the  coefficient  23  x  ic"  for  the  contraction  rate  over  these 
several  hundred  degrees  rai^  for  the  retarded  or  undercooled 
phase  of  the  outer  surface,  and  apply  the  normal  coefficient  (ap- 
proximately) 16  X  IC*  for  the  inner  portions  where  the  cooling  has 
been  sufficiently  slow  to  permit  the  transformations,  we  justify 
an  intensification  of  the  above  stresses. 

When  variations  in  the  ratios.of  quenching  of  different  parts  of 
a  surface  exist,  the  above-mentioned  inequalities  in  the  time  and 
rate  of  expansion  or  contraction  may  readily  manifest  their  effects 
in  warping  or  local  cracking. 

Steel  No.  S614,  Fig.  16,  is  induded  to  show  the  effects  of  hard- 
ening as  related  to  length  changes.  This  specimen  was  heated 
to  850°  C  and  quenched  in  oil.  Upon  heating  above  50°  C  we 
found  the  curve  departing  from  the  annealed-steel  curve  (see 
dotted  lines  for  average  annealed  sted).  The  specimen  was 
carried  from  50  to  100°  C  and  back  in  about  200  minutes  and 
gave  a  shrinkage  of  about  250  microns  per  meter.     This  shrink- 

>•  HoodB.  TdkidiD  UniTRikv,  ScicntiGc  RrpcuU,  B.  pp.  iSi-»j.    Hcoda.  HatwihiU  ud  Id«.  J.  Inm 
•nd  Stfcl  Init..  IOC.  pp.  I J 1169. 
»  P. Cb«aui4.  C.JL.tU.w-  »-»i|  K«> ^ HO-.  >•> PP-  »-it- 
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age  is  to  be  expected  since  the  outer  shell  was  stressed  by  the 
central  portions  passing  through  the  (expanding)  critical  regions 
after  the  outer  layers  had  passed  this  stage  and  had  started  on 
the  regular  contraction.  Reheating  to  100"  C  and  holding  for 
about  4  hours  was  sufficient  to  release  additional  stresses,  and  the 
specimen  then  showed  a  total  shrinkage  at  25°  C  of  400  microns 
per  meter,  or  in  more  general  terms  400  millionths  per  unit  length. 
This  heat  treatment  appears  to  have  released  practically  all  the 
stresses  possible  to  release  at  car  near  100°  C,  for  additional  heat- 
ing to  200°  C  gave  very  little  additional  sbrinlo^.  The  cooling 
curve  from  200^  C  crosses  the  heating  at  about  i  jo°  C;  no  expla- 
nation is  evident  for  this  phenomenon.  Reheating  to  250°  C  and 
above  renewed  the  shrinkages,  and  at  310  to  350*^  C  the  effect 
was  very  pronounced.  At  370°  C  the  effect  appeared  to  be 
complete  and  upon  return  to  room  temperature  gave  a  total 
shrinkage  of  1250  microns  per  meter,  or  one-ei^th  of  i  per  cent. 

This  shrinkage  has  been  shown  for  a  specimen  of  chrome  steel  " 
on  which  the  observations  were  carried  beyond  the  critical  ranges. 
The  present  curve  gives  greater  detail  of  the  changes. 

The  increase  or  decrease  in  length  on  cooling  to  25°  C  was 
usually  small  and,  in  a  large  degree,  indicates  the  lack  of  perfect 
annealing  before  the  test  was  started.  The  maximum  differences 
between  the  heating  and  cooling  curves  are  closely  related  to 
the  permanent  length  changes. 

Figs.  18,  19,  20,  2 1,  and  22  are  included  as  additional  specimens 
which  emphasize  the  differences  previously  mentioned. 

5.  SOIOURT 

1 .  Data  on  the  anomalous  expansion  of  a  few  steels  and  irons 
have  been  recorded,  and  made  available  for  reference. 

2.  The  expansion  of  iron  has  been  determined  over  the  range  25 
to  945°  C.  The  expansion  from  25  to  100°  C  was  found  to  be 
1 2.0  X  io"«.  The  average  expansion  of  a  number  of  steels,  over  this 
same  range  was  found  to  be  11.2x10'*,  and  for  the  range  35  to 
600°  C,  14.2  X  lo"*. 

3.  The  coefficient  for  the  ordinary  steels  which  we  have  heated 
above  the  critical  regions  have  been  evaluated  as  approximately 
23  X  lO"*. 

4.  The  shrinkages  and'  warpages  of  drawn  steels  have  been 
inter|n%ted  in  terms  of  the  rate  of  expansion  and  rate  of  tempera- 
ture reduction  on  passing  through  the  critical  regions. 

Washington,  Novembers,  1921. 

B  B.  S.  Sd.  PxKTa.  Na.  .i«,  p.  gij. 
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ELECTRCAIO'nVE  FORCE  OF  CELLS  AT  LOW 
TEMPERATURES 

By  G.  W.  Vmal  and  F.  W.  Altnip 


Ihe  pnelical  impottaDce  of  ■  Imowledge  of  the  dectfomotive  bduvior  of  dry  ceOa 
utd  BtongE  battefics  at  low  tcnqicratuies  has  arisen  fiom  their  uae  in  the  Aictic  and 
St  bi^  altitudes.  MeasureiDents  on  dry  cells  and  storage  batteries  cooled  ta  —73°  C 
by  carbon  dioxide  snow  and  to  —170°  C  by  the  use  of  liquid  air  were  made.  The 
GiUM-Hehnholtz  equation  was  sppUed  to  the  observations,  and  exccUmt  agreement 
between  tbeory  and  otMerTation  was  fonnd.  At  the  lowest  temperatura  bi^  values 
of  voltage  were  sMnetimes  observed,  and  the  polarity  was  often  levcned.  A  poetnUe 
explanation  based  <m  the  Nenist  equation  is  given. 


Tlie  practical  importance  of  a  knowledge  of  the  electromotive 
behavior  of  dry  cells  and  storage  batteries  at  low  temperatures  has 
arisen  from  their  use  in  the  Arctic  and  at  high  altitudes.  In 
June,  1921,  the  Department  of  Terrestrial  Magnetism  of  the 
Carnegie  Institution,  throu^  Dr.  S.  J.  Mauchly,  requested  the 
Bureau  of  Standards  to  furnish  informatioti  in  answer  to  the 
foUowing  questions:  (i)  What  is  the  open  ciFcuit  voltage  of  dry 
cells  at  approximately  o^F  and  below?  (2)  Are  dry  cells  fit  for 
use  after  they  have  been  frozen  and  thawed  out  again?  Since 
there  was  no  reliable  information  available  on  this  subject,  some 
experimental  work  was  undertaken,  which  included  observations 
on  storage  batteries  also.  In  the  first  experiments  the  tempera- 
ture rai^  was  extended  to  -72°C,andastheopencircuitvoltage 
of  the  cells  was  not  materially  changed  by  coolii^  them  to  this 
temperature  the  work  was  extended  to  -170°  C  because  of  the 
theoretical  interest  in  the  application  of  the  Gibbs-Helmholtz  and 
Nemst  eqiuitions  to  these  cells. 

Two  methods  for  cooling  the  cells  were  employed.  For  the 
nmge  +  25  to  —  72*  C  the  cells  were  submerged  in  a  gasoline  bath 
to  which  small  amounts  of  carbon  dioxide  snow  were  added  gradu- 
ally until  the  lowest  temperature  attainable  was  reached,  when  an 
excess  of  the  snow  was  packed  around  the  cells.  For  the  range 
+  20  to  —170"  C  liquid  air  was  used  for  cooling.     The  dry  cells 
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were  placed  in  a  double-walled  glass  jacket  sitnilar  to  a  Dewar 
vessel,  but  having  air  at  atmospheric  pressure  between  the  walls. 
This  was  submerged  in  Uquid  air  contained  in  a  larger  Dewar  fiask. 
The  storage  cell,  contained  in  a  glass  test  tube,  was  similaiiy 
arranged  with  the  addition  of  a  ground  cork  packing  to  protect  it 
from  breakage.  By  this  means  the  cooling  was  gradual,  about 
two  hours  bemg  required  for  the  cells  to  fall  from  room  tempera- 
ture to  the  lowest  temperature  available. 

The  temperatures  were  measured  by  a  thermoooupte  of  stand- 
ardized constantan  and  copper  wire.  Since  it  was  not  ]»acticable 
to  insert  the  thermocouple  in  the  dry  cells  of  which  the  emf  was 
measured,  the  thermocouple  was  placed  at  the  center  of  a  ^milar 
dry  cell  which  was  grouped  symmetrically  with  the  other  ceUs. 
The  temperature  of  the  storage  cell  was  measured  by  placing  the 
thermocouple,  protected  by  a  thin-walled  glass  tube,  in  the  elec- 
trolyte between  the  positive  and  negative  plates  of  the  cell.  The 
electromotive  forces  of  the  thermocouples  were  read  on  a  hig^- 
resistaace  potentiometer. 

The  dry  cells  were  K  itich  diameter  by  i}^  inches  high  and 
were  taken  from  flashlight  batteries  of  a  well-known  make.  A 
few  escperiments  on  silver  chloride  dry  cells  were  made  also.  The 
storage  cells  were  made  by  cutting  strips  of  suitable  size  from  tlw 
pasted  plates  of  an  automobile  starting  and  lighting  battoy. 
These  were  placed  in  test  tubes  about  i  inch  in  diameter,  with 
perforated  haid-rubber  separators  and  a  few  glass  beads.  The 
electrolyte  was  adjusted  to  a  specific  gravity  of  1.275  *o  1-280  at 
the  end  of  five  days  of  continuous  charging  at  0.4  ampere. 

TABLE  1  .—Open  Circuit  Toltages  of  Cella 
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The  voltage  of  the  cells  diuii^  test  was  measured  by  three  dif- 
ferent methods,  but  the  open  circuit  measurements  at  the  lowest 
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temperatures  could  be  made  only  by  an  electrometer.  This  in- 
strument was  loaned  to  us  by  the  Department  of  Terrestrial  Mag- 
netian.  The  open  circtut  voltages  were  also  measured  on  a 
20  000  dhm  potentiometer,  which  afforded  a  very  sensitive  method 
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before  the  cells  were  frozen,  although  after  this  it  was  nearly  use- 
less.   A  voltmeter  having  a  scale  of  2.5  volts  and  a  resistance  of 
25  000  ohms  was  used  for  some  of  the  measurements. 

The  results  of  experiments  with  dry  cells  of  the  ordinary  tyj* 
are  shown  in  Table  i  and  Fig.  i.    Curves  A  and  B  represent  the 
88970°— 22 — 2 


Digitized  byGoOgle 


630  SdeTiHfic  Papers  of  the  Bureau  of  Standards  ivni-rr 

open  circuit  voltages  as  measured  for  two  difTeretit  cells  by  the 
electrometer  and  the  potentiometer.  Curves  C,  D,  E,  and  F 
represent  the  terminal  voltage  when  the  cells  were  discharging 
through  25000,  100,  35,  and  4  ohms,  respectively.  The  curves 
indicate  the  existence  of  a  critical  point  at  about  —  21°  C. 

The  open  circuit  voltage  curves  indicate  that  changes  in  the 
temperature  coefhcient  occur  at  certain  temperatures.  Between 
+  26  and  0°  C  the  coefficient  was  found  to  be  constant  and  some- 
what less  than  a  millivolt  per  degree.  The  coefficient  is  positive; 
that  is,  increase  in  temperature  is  accompanied  by  increase  in 
voltage.  Between  o  and  -  20°  C  the  coefficient  is  still  positive 
but  larger.  At  -  20.4°  C  a  break  occurs.  The  temperature  co- 
efficient becomes  much  larger  during  the  next  few  degrees  and 
then  changes  to  negative  at  about  -  24°  C.  At  -  54°  C  the  co- 
efficient again  becomes  positive.  It  is  interesting  to  note  that  at 
—  54"  C  the  voltage  is  higher  than  at  ordinary  temperatures. 

Curves  C,  D,  E,  and  F  show  that  the  ordinary  dry  cell  can 
deliver  current  down  to  about  —  20"  C,  below  which  the  voltage 
falls  off  rapidly  to  zero. 

Silver  chloride  dry  cells  were  measured  in  a  simitar  manner,  and 
the  open  circuit  voltages  are  given  in  Table  i .  When  the  voltage 
was  measured  by  the  25  ooo-ohm  voltmeter,  however,  the  terminal 
voltage  began  to  fall  rapidly  from  0°  C  downward.  At  — 10  C  it 
was  0.9  volt,  and  from  this  point  it  decreased  nearly  linearly  to  0.05 
volt  at  -  50°  C. 

Experiments  were  also  made  to  determine  the  voltage  of  storage 
cells  within  the  range  +  25  to  -  72"  C,  using  the  electrometer,  the 
potentiometer,  and  the  voltmeter  to  measure  the  voltage.  As 
freezing  did  not  occur  within  this  range,  the  potentiometer  gave 
the  most  accurate  results,  as  shown  in  Table  i,  but  the  results  of 
all  methods  were  in  good  agreement.  The  temperature  coefficient 
was  small  and  constant.  This  fact  permitted  an  accurate  estimate 
of  the  temperature  coefficient  to  be  made,  since  the  cell  had  suffi- 
cient time  for  thermal  equilibrium  to  be  established  at  the  begin- 
ning and  end  of  this  range.  The  temperature  coefficient  was 
found  to  be  0.000398  volts  per  degree  C, 

It  is  intoresting  to  compare  this  result  with  the  value  computed 
from  the  availaUe  thermochemical  data  and  the  Gibbs-Helmholtz 
equation.    This  equation  is  usually  written 

Q~W-T%  (I) 
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where  Q  is  the  heat  of  the  reactkm,  W  the  available  work,  and  T 
the  absolute  temperatuie.  This  equation  is  applicable  to  a 
reverable  cell  in  which  the  passage  of  current  does  not  involve 
any  appreciable  change  in  volume.  If  E  denotes  the  open  drcuit 
voltage  of  the  cell,  W  equals  96  500  E  volt  coulombs  '  for  one 
equivalent.  Q  expressed  in  calories  may  be  converted  to  volt 
coulombs  by  multiplying  by  4.183,  and  the  equation  becomes: 

^-^(£-0.000031674  0.  (2) 

Both  E  and  Q  are  dependent  on  the  concentration  of  the  electro* 
lyte,  which  for  this  experiment  was  of  1.380  sp.  gr.  The  value  of  £ 
corresponding  to  the  initial  value  T  was  observed  directly.  The 
value  for  Q  may  be  calculated  from  published  thermochemical 
data. 

llie  commonly  accepted  reaction  of  the  lead  accumulator  durii^ 
discharge  may  be  described  by  the  following  equation: 

Positive  plate,  PbO,  +  H,S04|     „  „  -.      ™,„^      ,„      .  „  ^ 
N^ative  [date,   Pb  +  H,SOJ  *     ^         /      »    • 

Triiere  N  is  the  number  of  molecules  of  water  to  2  molecules  of 
sulphuric  add  in  the  original  solution.  The  corresponding  ther- 
mochemical equation  is 

PbO,+Pb  +  2H^,  +  N.H,0-3    PbS0,  +  (N  +  3)H,0  +  igM. 

^fbsie  Qm,  the  heat  of  the  reaction,  depends  on  the  dilution  of  the 
acid,  which  is  fixed  by  N.  Since  tbe  chemical  reaction  must  take 
HjSOi  from  the  dilute  electrolyte,  the  energy  represented  by  Qj, 
for  other  strengths  of  add  will  be  less  in  amotmt  by  the  quantity 
of  heat  evolved  by  dilution  of  the  add,  or  Q„  will  be  greater  if  the 
concentration  is  greater. 

Values  for  Q  have  been  determined  by  Streintz  *  and  Tscheltzow* 
to  be  87  000  and  88  600  calories,  respectively.  The  mean  of  their 
determinations  is  87  800  calories.  Dolezalek  *  states  that  these 
values  apply  to  dilute  sulphuric  add  (i  mol  of  H,SO,  to  about  400 
mols  of  H,0),  and  hence  a  correction  for  the  heat  of  dilution  is 
necessary.    The  heat  of  dilution '  of  the  add  solution  from  a 

■Tbe  valua  >6  joo  canlEBibB  la  buad  en  nctnt  detnnjiutloiu  with  Ibc  ti 
Vtuland  Batn  at  the  Bnnn  <4  Standardi,  B.  S.  Sd.  Papcn.  No.  iiS. 
'Wled.  Ann..  H.  p.  tft;  iIm< 
•CR..  IM.p.  MtSlit)]. 
*niairy  (lithe  lead  accnnmlatH.  p.  19. 
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specific  gravity  of  1.380  as  used  in  our  experiment  to  the  concen- 

tratioa  equivalent  to  i  mol  of  acid  to  399  mots  of  water  is  2310 

calories  per  mol.    Two  mols  are  involved,  and  hence  the  value  for 

the  heat  of  the  reaction  for  an  electrolyte  of  1.280  specific  gravity 

is  87  Soo + 4420 — 92  220  calories. 

The  value  for  E  at  25"  C  and  electrolyte  of  specific  gramty 

1.380  was  2.120  volts.     The  temperature,  25°  C,  corresponds  to 

398°  absolute.    Substituting  these  values  for  T,  B,  and  Q  in  equa- 

dE 
Hxm  (3)  the  value  for  the  temperature  coefficient  -pp  is  found  to  be 

G.000407.     The  results  of  the  experiment  showed  a  decrease  in 
^le  open  circuit  voltage  of  0.0386  volts  when  the  temperature 

was  decreased  97*  C,  from  which  t=  =  0.000398. 

The  agreement  of  this  observed  value  with  that  calculated  fnmi 
thennochemical  data  is  better  than  would  be  expected  and  gives 
a  striking  proof  of  the  validity  of  the  (Hbbs-Helmholtz  equation 
over  a  wide  range  of  temperature. 

A  second  series  of  measurements  extending  the  temperature 
range  down  to  —  1 70°  C  was  then  made.  Only  the  electrometer 
readings  are  of  value  at  this  low  temperature.  The  results  on 
a  dry  cell  and  a  storage  cell  are  shown  graphically  in  Fig.  2.  These 
are  the  open  circuit  voltages  measured  electrostatically.  The 
storage  cell  showed  marked  undercooling  of  the  electrolyte  before 
freezing  b^^.  The  dry  cel^  showed  a  considerable  increase  in 
voltage  at  - 112°  C  over  the  normal  value.  The  most  remarkable 
facts  are  the  reversal  of  volt^es  and  the  extraordinarily  large 
values  of  voltage  exhibited  by  the  storage  cell,  exceeding  10  volts 
at  the  lowest  temperatures.  The  current  was,  of  course,  vani^- 
ingly  small. 

Nemst's  equation  applied  to  the  storage  battery  in  accordance 
with  Ijebenow's  theory  *  is  as  follows: 


^"3  [Pb++]  [PbO,--]' 
where  C,  and  C  are  the  solution  tensions  of  the  positive  and  nega- 
tive active  material  and  the  bracketed  values  represent  tie  cor- 
responding ionic  concentrations.  It  is  evident  that  a  decrease  in 
the  ionic  concentrations  would  result  in  an  increase  in  the  value 
of  E  if  other  quantities  remained  the  same. 
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The  freezing  of  the  electrolyte  reduces  the  mobility  of  the  ions 
practically  to  zero.  If,  then,  the  ions  which  are  in  immediate 
contact  with  the  surface  of  the  electnxles  are  discharged,  they  can 
not  be  replaced  by  the  migration  of  other  ions  from  the  electro- 
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lyte,  and  the  effect  in  the  region  of  the  electrodes  is  essentially  a 
decrease  in  the  ionic  concentrations.  The  equation,  thfaefore, 
suggests  the  possibilily  of  increased  values  of  £  as  was  observed 
after  the  freezing  occurred. 
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No  teady  exi^anation  ot  the  reversal  of  voltage  is  available 
unless  it  be  assumed  tliat  the  variation  of  solution  tensioa  ot  each 
electrode  with  temperature  is  such  that  curves  representing  them 
would  intersect  at  llie  temperature  at  wfaidi  reversal  ocxurs.  Pres- 
sure may  have  had  something  to  do  with  the  voltage  variations, 
since  the  electrometer  showed  violent  fluctuations  whenever  the 
frozen  electrolyte  of  the  storage  oell  "ticked."  Ice  below  the 
freezing  temperature  sometimes  makes  a  similar  ticking  sound. 

The  genuineness  of  the  reversed  voltage  was  shown  by  the  fol- 
lowing observations:  The  dry  cell  after  showing  a  steady  reversed 
voltage  of  about  1.4  volts  was  removed  from  the  liquid  air,  and  in 
the  course  of  a  few  minutes  the  reversed  voltage  decreased  steadily, 
passed  throu^  zero,  and  increased  to  a  normal  positive  value. 
Secondly,  the  potentiometer  used  for  simultaneous  measurements 
with  the  electrometer  on  the  storage  cell  retained  enou^  sensi- 
bility to  show  that  the  potential  was  reversed  at  the  same  time 
that  the  electrometer  showed  a  reversed  reading. 

All  of  the  cells,  including  the  ordinary  type  of  dry  cell,  the  silver 
chloride  cells,  and  the  storage  cells,  appeared  to  be  entirely  normal 
after  being  thawed  out.  The  glass  test  tube  containing  the  stozage 
cell  was  not  broken. 

Theexperimentsin  the  range  +25  to  —  72*0  answercompletefy 
the  practical  questions  which  prompted  the  investigation.  The 
thermodynamic  theory  as  expressed  in  the  Gibbs-Hehnholtz  equa- 
tion is  accurately  confirmed  by  the  measurements  on  a  storage 
cell.  At  temperatures  down  to  —170**  C  points  of  theoretical 
interest  were  found.  These  su^;est  that  potential  differences 
of  normal  value  at  ordinary  temperatures  may  be  greatly  magni- 
fied at  extremely  low  temperatures  when  the  current  is  vanidi- 
ingly  small.  High  atmospheric  potentials  sometimes  observed 
may  have  some  relation  to  this  effect. 

We  wish  to  acknowledge  the  loan  of  the  electrometer  by  Dr. 
L-  A.  Bauer,  Director  of  the  Department  of  Terrestrial  Magnetism, 
and  the  as^stance  of  Dr.  Mauchly  in  taking  some  of  the  observa- 
tims;  also  valuable  suggestions  by  Dr.  B.  Buckiugham. 

Washington,  January  6, 1922. 
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METALLOGRAPWC  ETCHING  REAGENTS: 

n.  FOR  COPPER  ALLOYS,  NICKEL.  AND  THE  ALPHA  ALLOYS 
OF  NICKEL 

By  Henry  S.  Raw<l<»  and  Maijoiie  C  Lorcniz 


ABSTRACT 

This  investigatioii  constitutes  the  second  part  of  the  general  study  of  metallographic 
etchii^  reagents  at  tliis  Bureau.  The  following  were  uaed  as  typical  materials  for, 
etching:  Copper  alloys,  including  all  the  typical  copper-zinc  alloys,  bronze  and 
alumjntun  bronze,  nickel  and  the  a  alloys  of  nickel,  monel  metal,  cupro-nickel,  and 
nickel  brass. 

Experimental  results  are  given  to  show  the  importsjice  of  films  vaiying  in  thick- 
ness upon  the  different  crystals  in  a  metallographic  specimen  in  producing  a  "coo- 
tiastetch  pattern."  This  is  clearly  diown  by  separating  the  filming  and  the  etching 
operations,  both  sulphide  and  oxide  films  being  used. 

The  a  copper  alloys  resemble  copper  in  their  general  behavior  upon  etching. 
Aluminum  bronze  was  found  to  be  the  moet  unsatisfactory  of  such  alloys  of  copper 

Nickel  is  etched  with  considerable  difficulty.  Strong  oxidizing  acids,  such  as 
nitric,  or  other  acids  to  which  oxidizing  agents  have  been  added  may  be  uaed,  but 
there  is  usually  considerable  pitting  of  the  surface  and  a  very  noticeable  lack  of  con- 
trast in  the  resulting  etch  pattern.  Omcentrated  hydrochloric  acid,  however,  gives 
excellent  results  in  both  these  respects.  Monel  metal  and  cupro-nickel  resemble 
nickel  in  their  etching  characteristics,  though  they  are  etched  more  readily.  The 
nickel  brasses  are  much  more  like  the  brasses  and  bronzes  and  are  readily  etched  by 
reagents  used  for  these  alloys. 

Copper  alloys,  like  copper,  are  readily  etched  by  ammoniacal,  acid,  and  some  neutral 
solutions  which  otherwise  would  have  only  a  slight  effect  upon  them  provided  a 
stream  of  oxygen  is  passed  through  the  solution  while  the  specimen  is  immersed. 
Nickel,  cupro-nickel,  and  monel  metal  are  not  materially  affected  in  the  rate  of 
etching  by  the  use  of  oxygen  gas. 
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I.  INTRODDCTION 

The  work  herein  described  forms  part  of  the  general  investiga- 
tion of  metallographic  etching  reagents  in  progress  at  the  Bureau 
of  Standards.  In  a  previous  article  *  the  authors  sununarized 
the  results  obtained  with  typical  etching  regents  when  copper 
was  used  as  the  metal  which  was  etched.  The  results  reported 
below  were  obtained  in  the  extension  of  this  investigation  to  the 
important  industrial  alloys  of  copper,  the  brasses  and  bronzes, 
to  nickel,  and  to  the  common  nickel-rich  alloys.  Since  the  pres- 
ent work  was  a  direct  continuation  of  the  former  study,  the 
general  method  of  investigation  was  similar  to  that  previously 
employed.  In  addition  to  the  reagents  of  the  previous  investi- 
gation certain  others  which  were  found  to  be  particidarly  suited 
to  some  of  the  new  materials  were  also  used.  The  results  ob- 
tained with  copper  suggested  strongly  the  importance  of  oxida- 
tion in  the  successful  etching  of  metallographic  specimens.  It 
was  shown  that  most  of  the  metallographic  etching  reagents 
used  for  etching  copper  and  its  alloys  are  oxidizing  in  their  nature, 
the  efficiency  of  the  reagent  depending  largely  upon  this  char- 
acteristic feature  of  the  solution.  Reagents  which  have  at  best 
only  a  very  slight  effect  upon  copper  can  be  made  to  etch  fairly 
readily  either  by  passing  oxygen  through  the  liquid  while  the 
specimen  is  immersed  or  by  adding  an  oxidizing  agent.  The 
diaracter  of  the  etched  surface  produced — that  is,  whether  of 
the  plain  or  of  the  contrast  type — depends  almost  entirely  upon 
the  results  of  the  oxidation  which  aids  and  accompanies  the 
solution  of  the  metal.  In  general,  the  results  obtained  in  the 
present  investigation  with  the  typical  copper-rich  alloys  chosen 
serve  to  confirm  and  to  substantiate  the  conclu^ons  reached  in 
the  former  study.  The  alloys  containing  nickel  are  usually  con- 
siderably more  resistant  to  etching  reagents  than  are  the  alloys 
of  copper.  This  is  particularly  true  for  nickel  itself,  which  is 
often  satisfactorily  etched  only  with  extreme  difficulty. 

II.  MATERIALS   USED 

The  alloys  which  were  used  to  illustrate  the  action  of  the  dif- 
ferent typical  etching  reagents  prepared  are  listed  in  Table  1.' 

>  Hsiry  S.  Rawdoninrl  MuioiieG.  Loraiii.  UMillticnplikelctiitiKtaiiaiii:  t.  For  coofwr.  R  S.  Sci 
Pipcn  No.  ]».  i9>D. 

<  MiHl  it  the  roUcd  rofnia  nllon  wat  lurnlihtd  lor  tbii  invaliiatiaa  hy  W.  H.  BuKCt.  tcdmlal  lu- 
pciinlcndflic  Amrricui  Brut  Co.,  and  W.B.  Price  chief  dianiil.SanFill  ManufiicturiDECo..Watertiiiry, 
Cona.  The  nlclicl  anil  the  nickd-ridi  alloys  wat  (uiniihcd  by  P.  D.  Merica,  direeto  d  imjmli.  titter- 
national  Nicid  Co.,  and  by  the  Dnvcr-Harrii  Co.    The  b^  thui  givEn  i>  bae  acknawledtBl. 
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A  great  many  of  the  industrially  used  brasses  and  bronzes  are 
of  relatively  simple  microstructure,  inasmuch  as  they  consist  of 
only  one  constituent.  For  this  reason  several  copper-zinc  alloys 
with  zinc  content  greater  than  that  of  industrial  brasses  were 
prepared.  Several  of  the  zinc-rich  brasses  are  of  a  duplex  struc- 
ture, and  thus  illustrate  the  etching  characteristics  of  alloys  con- 
taining constituents  which  differ  considerably  in  their  electro- 
chemical properties. 

In  the  study  of  the  nickel  alloys  only  the  industrially  important 
a  alloys  were  considered.  The  group  of  nickel-chromium  alloys, 
though  of  very  considerable  importance  from  an  industrial  view- 
point, was  not  considered  in  this  investigation.  It  is  very  probable 
that  their  characteristic  structiu-al  features  result  from  other  con- 
ditions besides  the  nickel  or  chromium  content.  The  various 
types  of  etching  reagents  employed  are  listed  in  Table  2. 

TABIA  2.— Etching  Reagents  tTsed 


hrdintda  and  1  nlnint 
brdnfan  ptnoMaf}  pu  cant  fohiUas) 

'  ■rtiiiiiniiiiHuiinlfiliiniiiif  I  mini  innni  III '  miiiil 
■n*anS^iiikadd(M.|[.l3«)*nd  10  rahimM  hrdn- 

ow  ■nyjnrkjda  (•f-fi'-  1.H)  md  i  TOhmiw  nlvi«t«d 

BMtstlllDrIc  add  (n.  p.  IM)  ud  S  **lnaiM  potM- 
n  r*""*"!*"***  HtollMi  (4  t  par  IDOO  cm  •  iniar) 

I  loliiaan  of  amnKiDliun  fnalfiMt 

:*clil 

_     cbromtcicld 

larie  chlortda,  30  cm  ■  IvdnchlRle  idd  {ap.  (i.  l.»). 

Suae  ■■  9,  In  120  cm  '  akabal 

^I'Tf"-*™"™'*"™  '■'■'"rtilii.  1Wii-j»  l»«t«f,  .»«nfji.li«h.l 

immontiim  hidKoU*  added  aoUl  pndpKal*  which  laniu 

ledlaaatvM 

Sama  a*  llln  alcduUc  aabittoa 

SalunMd  upiwiM  wiollan  ol  brooiliM. 

2  p«T  can!  aquaoua  aahitlao  al  lUni  nitiala 

CsnanMMd  h^dnchlDik  add 

nitric  add -l-K«dcacU;  SO  par  caat  nttfic  (dd,  25  per  cant 

■lad*lai«Hc  add,  U  pat  cant  water 

CancanliMad  ammontem  hrdimddauid  mnaii 

itoboric  add  and  oinail 

tilodd*  and  onen 


Add  DddlilBt  aolnOaD 


OildUtnc  Mlntkn 


OildaUoa  and  an  inuuHilical  ai 


in.  RESTJLTS 

One  of  the  limitations  in  an  investigation  like  the  present  one, 
in  which  the  records  are  obtained  almost  entirely  by  means  of 
micrographs,  is  the  difficulty  of  concisely  summarizing  these 
results.  The  reproduction  of  all  of  the  micrographs  illustrating 
the  results  obtained  for  the  different  alloys  with  each  of  the  etch- 
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ing  methods  used  is  out  of  the  question.  For  this  reason  there 
is  given  in  Table  3  a  resumd  of  the  general  action  of  the  different 
etching  reagents  upon  the  various  alloys  used.  The  following 
symbols  have  been  employed  for  the  purpose:  e,  excellent;  g, 
good;  f,  fair;  p,  poor;  n,  no  action.  This  forms  the  first  letter 
of  the  key.  The  general  nature  of  the  etching  action — that  is, 
whether  results  of  the  contrast  or  of  the  plain  type  were  ob- 
tained—has been  indicated  by  c  or  p  as  the  second  letter  of  the 
key.  The  numerals  show  the  approximate  etching  period  re- 
quired, in  seconds,  unless  indicated  otherwise.  Although  in  the 
majority  of  cases  the  etching  period  was  determined  quite  accu- 
rately, the  figures  given  should  be  regarded  as  approximate  only 
for  the  material  in  general.  In  some  cases,  particularly  for  nickel, 
the  etching  period  was  found  to  vary  in  a  manner  which  could 
not  be  accounted  for  easily.  After  a  specimen  had  been  etched 
once  satisfactorily,  the  etching  period  for  subsequent  etching  was 
usually  considerably  less  than  at  first.  Further  details  concern- 
ing the  various  reagents  and  their  action  upon  different  alloys 
are  given  in  some  of  the  following  sections. 

Since  the  greater  number  by  far  of  examinations  of  micro- 
structure  carried  out  are  made  at  magnifications  in  the  neighbor- 
hood of  too  diameters,  this  value  was  selected  as  standard  for  the 
examinations  to  be  made  in  this  investigation.  Examinations  at 
high  magnifications  are  usually  made  for  a  very  special  purpose, 
and  the  specimen  must  be  etched  accordingly.  The  conclusions 
and  opinions  expressed  in  the  following  sections  do  not  necessarily 
hold  in  all  eases  for  examinations  at  high  magnifications. 
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IV.  NATURE   OF   CONTRAST   ETCHING 

The  terms  "contrast"  and  "plain"  etching  are  used  to  desig- 
nate the  character  of  the  results  obtained  with  different  reagents 
upon  any  type  of  alloy  and  particularly  those  consisting  of  only 
one  constituent,  such  as  the  metals,  the  a  brasses  and  bronzes,  0 
brass,  y  brass,  etc.  Microscopic  examination  of  such  materials 
after  plain  etching  usually  reveals  only  the  grain  boundaries  as  a 
network  of  black  lines,  together  with  such  extraneous  features  as 
inclosures.  The  grains  show  no ' '  individuality ' '  other  than  that  of 
size  and  shape.  However,  in  the  same  material  after  contrast 
etching,  each  grain  has  an  individuality  of  its  own  which  is  the 
result  in  a  large  measure  of  its  relative  brightness  as  compared  to 
the  neighboring  grains. 

Such  contrast  may  be  developed  in  at  least  two  very  different 
ways.  If  the  polished  surface  of  the  specimen  is  etched  suffi- 
ciently, a  differential  roughening  of  the  various  grains  will  result 
as  the  crystalline  facets  are  revealed  within  the  boundaries  of  the 
different  grains.  Since  the  orientation  of  all  the  facets  within  any 
particular  grain  is  the  same,  it  follows  that  the  light  incident  upon 
such  an  etched  section  of  a  crystal  will  be  reflected  in  a  definite 
manner.  The  direction  of  the  reflected  beam  varies  for  different 
grains  and  depends  upon  the  orientation  of  the  crystalline  facets. 
Thus,  a  crystal  will  appear  dark  or  light  according  to  the  position 
of  the  eye  of  the  observer  with  respect  to  the  beam  reflected  by  this 
crystal. 

Fig.  I  shows  the  appearance  of  a  very  deeply  etched  brass.  The 
contour  of  the  etched  surface  was  revealed  by  using  sections  per- 
pendicular to  the  etched  siuf  ace,  precautions  being  first  taken  to 
protect  it  by  means  of  a  coating  of  electrolytically  deposited  cop- 
per. The  micrographs  plainly  show  the  regularity  in  the  rough- 
ening of  the  section  of  a  crystal  and  also  that  it  conforms  to  the 
crystalline  orientation  of  the  grain  as  revealed  by  the  etching  pits. 
This  means  of  producing  contrast  in  etching  is  well  understood  and 
has  been  frequently  described.  The  second  method,  which  is  given 
below,  is  not  so  Well  known. 

It  is  often  desirable  in  the  study  of  the  microstructure  of  metals 
to  produce  contrast  without  much  roughening  of  the  surface. 
This  may  be  accomplished  by  the  use  of  reagents  which  cause  the 
formation  of  a  very  thin  film  on  the  surface,  the  thickness  of 
which  varies  from  grain  to  grain.  This  effect  has  deen  described 
in  considerable  detail  for  copper '  and  is  usually  attributed  to 
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oxidation  films.  The  part  that  such  films  play  in  contrast  etch- 
ing may  be  demonstrated  rather  strikingly,  as  is  shown  in  Figs. 
2,  3,  and  4,  by  a  double  etching  process. 

Hydrogen  sulphide  was  used  as  a  convenient  means  for  pro- 
ducing a  thin  film  on  the  specimen,  and  an  aqueous  solution  of 
silver  nitrate  was  used  as  the  reagent  for  etching,  which  of  itself 
produces  little,  if  any,  contrast  (Fig.  2a).  When  the  slightly 
warmed  polished  brass  specimen  (No.  11,  Table  i)  was  suspended 
in  a  bottle  of  hydrogen  sulphide  gas,  to  which  a  drop  of  concen- 
trated hydrochlonc  acid  had  been  added  to  accelerate  the  at- 
tack, a  film  having  the  appearance  shown  in  Fig.  26  was  pro- 
duced.    No  evidence  of  crystalhne  structure  was  revealed.     On 


Flo.  I. — Roughening  oj  the  surf  ace  oj  crysiah  aj  brass  as  a  result  oj  prolonged  etchings  of 
a  polished  surface.  X  500 
A  pdliihfd  scflion  d  in  abri»  (alloy  lo.  TableI)iTU«dicdii  houn  in  ^opn-CFntcoPlwnmmaniuRi 
chloride  and  a  Kctioo  perpcndiculAf  to  Uiv  ?rch«j  lacv  wiis  then  examined  After  et^inff  witb  copiMr 
unoioaiuin  chloride.  Note  tlieiuiiilultyiaorieDUtkMiDftheiiotchetiD  theetched>urfaccol(i).  which 
repnWDUa  portion  entirely  within  ■  single  ciystBl.  Note  in  (6)  how  the  oeienution  dihenoldies  at 
Ihertthed  surface  is  the  umc  u  thai  nf  tht  ctchini  pits  within  the  crystal. 

the  other  hand,  when  a  specimen  etched  by  the  means  of  silver- 
nitrate  solution  was  suspended  in  the  hydrogen  sulphide  the 
sulphide  film  formed  on  certain  crystals  with  greater  readiness 


atmoBiiheTe  of  hvdToirsi  sulphide 

1  in  hydrosm  sulphide  aiin  ibi. 

Lauiu(J), 

sulphide  as  lu  (&>  wia  etdKd  with 


iiin(a).    Note  the  brilliant  a> 


(  /)  Same  specimen  >«(<)  which  alter  polishmi  was  placed  in  u  atmoapheceofhydtDten  sulphide. 
<c)Samcapecinim  as(>>.etched  with  silver  nitrateiotDllai  and  then  filmed  with  lulphideasint/). 
(A)  Same  specimen  as(().  filmed  with  hydroien  sulphide  asint/).  then  etched  with  tilvtf  nitnteu 
a  (r).    Note  the  definite  contrasted  etch  paltern. 
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than  on  others,  so  that  a  slightly  contrasted  etch  pattern  resulted. 
However,  by  far  the  best  results  were  obtained  by  first  producing 
a  uniform  ^ulphide  film  on  the  surface  of  the  polished  specimen 
and  then  etching  the  filmed  sample  in  the  silver-nitrate  solution 
(Fig.  2d).  Such  a  procedure  gave  excellent  results  with  all  the 
a  and  the  a&  brasses.  With  cast  zinc  bronze  the  best  results 
were  obtained  by  producing  the  sulphide  film  upon  the  etched 
surface  rather  than  etching  the  previously  filmed  surface  (Fig.  3), 
The  fact  that  the  results  given  above  are  of  rather  general 
apphcation  and  do  not  depend  upon  any  pecuhar  properties  of 
the  sulphide  film  was  demonstrated  by  using  oxide  films  instead 
of  sulphide.  The  specimens  were  gently  heated  in  the  air  until 
a  uniform  thin  coating  of  oxide,  had  formed  and  were  then  etched 
with  silver-nitrate  solution.  Fig.  4  shows  the  restdts  obtained 
with  some  of  the  specimens.  For  demonstration  purposes,  one 
is  somewhat  restricted  in  the  choice  of  reagents,  since  it  is  neces- 
sary that  the  solution  used  be  one  that  produces  a  "plain"  etch 
pattern.  For  practical  use,  of  course,  this  limitation  does  not 
hold. 

V.  ETCHING  CHARACTERISTICS   OF   COPPER  ALLOTS 


(o)  a  Brass. — There  is  nothing  strikingly  different  in  the 
etching  characteristics  of  the  a  brasses  from  those  of  copper. 
Figs.  5  and  6  show  the  general  effect  of  the  difterent  reagents 
upon  two  of  the  alloys  used.  The  results  shown  are  quite  repre- 
sentative of  the  behavior  of  the  other  a  brasses  of  a  different 
copper-zinc  ratio  toward  the  same  reagents.  The  data  summa- 
rized in  Table  3  show  this  in  a  general  way.  Although  some  dif- 
ferences were  observed  in  the  etching  period  for  a  brasses  dif^ 
fering  in  their  zinc  content,  they  were  not  pronounced  and  53^9- 
tematic  enough  to  permit  any  generalization  being  made.  From 
the  results  obtained  it  appears  that  the  addition  of  tin  to  an  a 
brass  in  amounts  of  approximately  i  per  cent  renders  the  etching 
of  the  specimen  more  difficult  than  that  of  a  similar  brass  con- 
taining no  tin.  Not  only  was  the  etching  period  lengthened, 
but  the  general  appearance  of  the  etched  surface  was  not  nearly 
so  satisfactory  as  that  of  a  similar  alloy  containing  no  tin.  Fig. 
7  illustrates  this.  The  presence  of  particles  of  lead  in  an  a  brass 
did  not  seriously  affect  its  etching  characteristics,  although  with 
a  very  few  reagents,  as  shown  in  Fig.  8  and  Fig.  2b,  an  unetched 
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Fio.  3. — MiCTostntcture  of  out  bronte  illuttrating  the  tmporlanc*  0/  turface  films 
producing  contratt  upon  ttching.     X  loO 

(s)  Cast  line  brgnie  (alloy  14,  Tiblr  1)  Ri^ed  wlCh  ig  per  nut  >o1utiria  a\  lilvcr  oiUBtc,  NdU  I 
odhHini  lilvcr  covniaf  Uic  tutcctoid  coasUtueni. 

(fc)  SpKimaiU)  -which,  afta  polislilat,  wu  plAcBllnu«iiiHBphcrco(bydrDini*u]pbidcfor  itninu 

Ic)  Spn4niBi(a)  filnKd  by  bvdTDEOi  lulphlde  u  in  (A],  then  Mdud  with  Blhrei  nltntc  u  in  (a). 

<d)  SpKimcD  (a)  nchcd  vdih  aUvrr  oitntc  uid  ifam  DitMKCc]  In  hydrcwtn  >i>li>talde  ■*  in  (A).  Ni 
the  briifiant  onlragt  produced.  The  adherinf  lilver  covoinji  tb«  autectoid — see  (a) — protecti  tl 
raonitueatrroni  the  action  of  the  lulDhideand  thmioctcaw  thccontruL 


—Mkroslruclure  0/  annealed  a  brast  illuitraling  the  impo'latice  oj  a  tui^actfilnt 
ftroductd  by  oxidation  in  producing  conliait.     X  ZOO 


adde  Stan.  The  Dxidi 
(a)  Allay  n.Tabln 
U)  ADoyt.  Tablei. 
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Fig.  s- — Microstructure  0/  annealed  a  brass  sheet  of  high  copper  conUnt  [alloy  a,  TabU  l) 
illustrating  tht  etching  characlerislits  0/  Ihr  maltrial.     X  100 
The  aiunbcnindicsu  the  etching  rniait  und.    R«  Table  1. 
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Fla.  6. — Mictotlntcture  of  annealed  a  brass  sheet  of  low  copper  conltnt  {alloy  8,  Tablt  I) 
itluslraling  the  etching  characltTiltics  of  the  material.     X  100 
TbcnumbcniDdicBlcthcetchiDctcSKntiuHl,  KcTublci.    Compare  with  FIki.  j  ud  «. 

88776"— 22 3 
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FlO-  7. — Microstruclure  of  annealed  a  brass  sheet  of  low  copper  conUnt  containing  Un 

{alloy  p,  Table  s^  illuslraling  the  etching  characltrislics  of  the  alloy.     X  100 

The  numlKr  on  each  microaraph  Indlatd  tbe  ctdiiDi  rcaioit  uKd  {Table  1).    Compve  irith  Fin.  6 
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Fig.  8. — Microitruclurt  of  annealed  a  brojs  sheet  of  low  copper  conUnl  containing  lead 

{alloy  7,  Tabu  j)  illuilrating  tie  etching  characleristics  0/  the  alloy.     X  lOO 

llic  niuubei'  m  each  miaoinph  lodlctUs  Uw  ttchlnc  mient  nicd  (T*blc  3).    Compare  vdch  Plc>-  A 
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Fic.  g.^.Microslnicluie  0/  annealed  a  g  brass  sheel  (alloy  13,  Tablt  1)  iltutbaling  fiU 
etching  characteristics  oj  this  alloy.     X  loo. 
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"halo"  surrounded  each  isolated  globiUe  of  lead.  However, 
this  effect  was  not  pronounced  or  general  enough  to  be  considered 
of  much  significance. 

(6)  a  0  Brass. — The  introduction  of  a  second  metallographic 
constituent  modifies  very  considerably  the  etching  properties  of 
brass.  Fig.  9  shows  the  microscopic  appearance  of  an  oe  0  brass 
(specimen  13,  Table  i)  after  being  etched  with  the  various  types 
of  reagents.  The  results  shown  may  be  considered  as  typical 
for  brasses  of  this  type.  The  relative  amounts  of  the  two  con- 
stituents vary  in  different  alloys  according  to  the  copper-zinc 
ratio  and  the  form  and  arrangement  of  the  two  constituents 
according  to  the  treatment  of  the  alloy. 

As  will  be  noted  in  Fig.  9,  the  relative  intensity  of  the  attack 
of  the  two  constituents  varied  with  different  solutions.  By  re- 
agents which  have  a  strong  solvent  action,  such  as  nitric  acid  or 
sulphuric  acid  containing  potassium  dichromate,  the  ^  constituent 
was  found  to  be  readily  attacked,  so  that,  on  account'of  the  differ- 
ence in  level  which  resulted,  this  constituent  appeared  dark  and 
the  a  matrix,  in  which  the  grain  boundaries  had  been  developed, 
Ught.  Other  reagents  which  were  of  a  milder  nature  were  found 
to  color  the  ^  grains  so  that  they  appeared  dark  in  the  light  struc- 
tureless a  matrix.  With  a  few  reagents  for  the  same  specimen 
this  effect  was  reversed  so  that  the  ^  constituent  appeared  as 
uncolored  areas  in  a  slightly  darkened  background  of  the  a  matrix. 
In  other  cases  each  of  the  constituents  remained  uncolored  and 
only  the  grain  boundaries  were  revealed.  Of  course  in  such  a 
case  the  two  could  be  readily  distinguished  from  each  other  upon 
visual  examination  by  their  difference  in  color.  A  further  com-  . 
plication  was  sometimes  noted  in  the  case  of  alloys  in  which 
the  a  constituent  was  in  considerable  excess.  The  grains  con- 
stituting the  a  matrix  were  found  to  etch  in  the  manner  pre- 
viously described,  so  that  considerable  contrast  between  the 
different  a  grains  resulted.  This  rendered  the  ^  constituent  rel- 
atively inconspicuous,  particularly  so  in  the  micrograph. 

The  fact  that  the  difference  in  the  behavior  of  the  0  constituent 
is  not  entirely  dependent  upon  the  nature  of  the  etching  reagent 
employed  is  illustrated  by  the  results  shown  in  Fig.  10.  The 
alloy  used  was  of  the  following  composition:  Copper,  60.06  per 
cent;  tin,  0.58  per  cent,  nickel,  manganese,  and  phosphorus,  not 
detected;  zinc,  by  difference,  39.26  per  cent,  and  had  been  rolled 
into  a  "round"  of  3>^  inches  diameter.  In  numerous  streaks  in 
88775'— 22 i 
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the  central  portion  the  j3  constituent  was  etched  dark,  while  in 
adjacent  portions  this  constituent  appeared  light-colored.  Ap- 
parently these  streaks  corresponded  to  the  large  crystals  of  the 
ingot  and  had  suffered  no  change  other  than  that  of  shape  by 
the  rolling  of  the  material.  The  difference  in  the  etching  prop- 
erties of  the  ^  constituent  were  shown  best  by  such  reagents  as 
ammonium  copper  chloride,  ferric  chloride,  sulphuric  acid  con- 
taining an  oxidizer  such  as  potassium  dichromate  or  potassium 
permanganate.  With  some  other  reagents,  for  example,  silver 
nitrate  and  chromic  acid,  the  ^  constituent  was  etched  uniformly 


•.nl  TtagneU  iUiulratiny  At 

anomalous  oeitauior  oj  imp  consiiiuenc.     X  zoo 


.in  all  of  the  crystals.  This  difference  in  the  etching  properties 
of  the  ^  constituent  was  found  to  persist  after  the  material  had 
been  annealed.  Heating  the  specimen  for  four  hours  at  approx- 
imately 450°  C  did  not  materially  affect  the  etching  properties 
of  the  alloy.  It  may  be  concluded,  then,  that  the  anomalous 
behavior  of  the  fi  constituent  in  different  crystals  can  not  be 
attributed  to  internal  stresses  which  might  exist  within  the  wrought 
material.  There  is  some  evidence,  however,  which  suggests  that 
the  direction  in  which  the  crystal  was  sectioned  has  a  bearing 
upon  the  relative  etching  properties  of  the  two  constituents 
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(c)  High  Zinc  Ai,loys. — Of  the  copper-zinc  alloys  of  relatively 
high  zinc  content  only  the  0  alloy  is  of  any  considerable  industrial 
importance.  However,  in  order  to  demonstrate  their  relative 
etching  characteristics,  alloys  representative  of  each  of  the  differ- 
ent structural  types  were  prepared  and  examined.  In  etching  J3 
brass  the  same  question  arises,  as  to  a  plain  or  a  contrast  effect  as 
with  the  a  alloys.  Fig.  1 1  shows  the  results  obtained  with  this 
alloy  when  etched  with  several  different  types  or  reageants. 

Figs.  12  and  13  are  given  to  illustrate  the  characteristics  of  two 
of  the  high  zinc  alloys  of  duplex  structure,  the  07  and  1 1),  the  latter 


FlO.  II. — Microslrucltire  of  cati  0  brast  lalloy  l6.  Table  l)  illuilraling  the  etching  ckar- 
acterittics  of  the  aUoy.     X  lao 
The  Biiinber  on  e«ch  mifroffrflpli  IndirmtH  lh«  MchinR  rourmt  uwd  (Tible  a). 

one  being  one  of  very  high  zinc  content.  It  will  be  noted  that, 
although  as  a  rule  the  zinc-rich  constituent  was  the  one  which  was 
darkened,  with  several  reagents  a  reversal  in  the  etching  effect  of 
the  two  constituents  occurred.  As  might  be  expected;  the  alloys 
of  high  zinc  content  resemble  zinc  in  their  properties  more  than 
copper  and  were  readily  etched  by  some  reagents — ^for  example, 
ammonium  chloride — which  had  no  effect  upon  the  alloys  of  high 
copper  content.  The  use  of  oxygen  or  strong  oxidizers  in  the 
etching  reagents  was  not  so  necessary  for  the  high  zinc  alloysas 
for  those  of  high  copper  content. 
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,  13. — Micros  true  lure  of  cast  copper-zinc  alloy  containing  the  ff  and  y  conififuentt 
(alloy  ij.  Table  i)  illustrating  the  etching  characteristics  of  the  alloy.     X  JOO 
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Fig.   13. — MicToslrtKtart  of  cast  copper-anc  alloy  [onlaining  the  t  and  ^  conslitutnlt 
(alloy  21,  TabU  l)  illustrating  the  etching  characteristics  of  the  material,     X  100 
The  Dumbrt  00  each  DiicTDcraiihindiciitfsUieetdiinirFainil  (Tuhle  9)U3«1. 
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2.  BROHZE 

The  a  bronzes  presented  no  difficulties  in  etching  other  than 
those  already  discussed  for  the  correqx>nding  brasses,  and,  in  gen- 
eral, the  results  were  very  similar.  Fig.  14  shows  the  results  for  the 
different  types  of  etching  reagents  and  illustrates  which  reagents 
are  suitable  for  producing  either  a  contrast  or  a  plain  etching. 

The  cast  bronze  shown  in  Fig.  15  has  a  more  complex  structure, 
so  that  the  variations  in  its  behavior  with  different  types  of  etching 
reagents  were  much  more  pronounced.  The  micrographs  illustrate 
this  much  more  forcibly  than  can  be  done  in  words.  Incidentally 
they  also  show  the  care  which  should  be  used  in  the  choice  of  an 
etching  reagent  according  to  the  features  of  the  structure  of  an 
alloy  which  it  is  desired  to  emphasize. 

3.  ALUmmiH  BRONZE 
Of  all  the  copper  alloys  used,  aluminum  bronze  (specimen  25, 
Table  i)  was  found  to  be  the  most  unsatisfactory  in  its  behavior 
toward  the  various  types  of  etching  reagents  used.  This  was  true 
particularly  for  the  metal  in  the  rolled  condition;  when  cast  the 
alloy  was  etched  very  satisfactorily  with  no  difficulty.  Figs,  16 
and  17  show  the  results  obtained  for  the  material  in  the  rolled  state 
and  for  the  same  alloy  in  the  cast  condition.  The  best  results  by 
far  were  obtained  by  passing  oxygen  through  the  etching  reagent. 
By  this  means  the  boundaries  of  the  crystals  of  the  rolled  material 
were  clearly  outlined  and  considerable  contrast  of  the  different 
crystals  was  developed.  When  etched  with  the  other  reagents, 
these  features  were  lacking  (Fig.  16). 

VI.  ETCHING  CHARACTERISTICS  OF  NICKEL  AND  OF  ALPHA 
NICKEL   ALLOYS 


This  metal  is  very  much  more  resistant  to  etching  than  is  copper 
or  the  alloys  of  copper  just  discussed.  Not  only  are  there  fewer 
reagents  that  can  be  used  for  etching  purposes,  but  also  the  results 
obtained  are  often  far  from  satisfactory.  Since  nickel  is  so  resist- 
ant in  its  chemical  properties  a  very  active  reagent — for  example, 
nitric  acid — must  be  employed,  and  consequently  pitting  of  the 
surface  very  often  results.  Each  slight  inclusion  acts  as  a  center 
from  which  the  surrounding  metal  is  dissolved,  and  the  pits  which 
form  are  often  the  most  conspicuous  of  the  microstructural 
features.  There  is  usually  a  lack  of  contrast  between  the  different 
crystals  after  etching,  the  etch  pattern  being  of  the  "plain"  type. 
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FlO.  14. — MicToitruclure  of  anneated  a  brome  sheet  (alloy  23,  Tablt  l)  illustrating  Ike 
etching  chaToclerislks  of  this  alloy.     X  100 
Tbc  Dumber  on  «ch  miciocnph  indicates  the  ctchini  [aicnt  (Tiblc  i)uKd. 
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Fig.  15.— A/iVrojd-mJuMo/tuj.i. -«,-...!/"« 
Table  l)  Ulitsiraling  the  etching 


-hroHU  containing  the  a  and  S  consHfutnU  {alloy  »4, 
'.tching  ckaracterislics  of  the  alloy.     X  100 
a  tbe  ctcbiDE  rcaioit  UMd  <Tiblc  1). 
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Fig.  i6. — MicroUntcture  oj  annealed  aluminum  brome  that  (alloy  2$,  T<AU  i\  illus- 
trating tha  etching  characteristict  of  the  allay.     X  loo 
The  number  oa  each  nucrocraph  Indicules  the  etchinE  lacHil  used  (Table  i).    la  mlcroEraiib*  n  uul 
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—MicTOStructtat  of  catt  aluminmn  brorue  [alioy  26,   T<U>k  l)  iUtutrati%g  Ik* 

tteking  diaraclerislia  oflht  alloy.     X  100 
ibcr  on  each  mlcncnph  indintei  the  etching  reiutol  u>ed  (Ttblc  a). 
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The  following  materials  (Table  i)  were  used  as  representative 
of  the  different  forms  of  the  metal:  Electrolytically  deposited 
nickel,  the  same  after  being  remelted  in  vacuo,  commerciai  cast 
nickel  containing  oxide,  cast  nickel  which  had  been  deoxidized, 
hot  and  cold  rolled  materials,  and  a  specially  treated  material 
termed  "  manganese  nickel."  Representative  micrographs  of  cast 
and  rolled  nickel  are  shown  in  Figs,  18  and  19. 

The  readiness  with  which  cast  nickel  will  etch  depends  to  a 
very  large  extent  upon  the  purity  of  the  metal.  Electrolytic 
nickel  remelted  in  vacuo  was  found  to  etch  with  very  much  more 
difficulty  than  the  commercial  cast  metal.  It  was  also  noted  for 
several  different  specimens  that  the  first  time  the  surface  was 
etched  after  grinding  and  polishing  the  etching  period  required 
was  usually  much  loi^r  than  that  necessary  after  a,sHght  repol- 
ishing  of  a  previously  etched  surface.  It  was  often  necessary  to 
disregard  the  results  of  the  first  etching  entirely  and  depend  upon 
those  obtained  after  the  surface  had  been  repolished. 

It  will  be  noted  from  the  micrographs  (Figs.  18  and  19)  that 
the  addition  of  an  oxidizing  agent  is  often  sufficient  to  make  a 
solution  which  otherwise  would  have  no  appreciable  action  upon 
nickel  a  very  fair  etching  reagent.  Tliis  does  not  always  answer 
the  purpose,  however,  and  the  etching  characteristics  of  nickel 
appear  to  be  much  more  "erratic"  than  do  those  of  copper  or 
even  of  the  alloys  of  nickel. 

One  of  the  more  satisfactory  reagents  for  producing  a  plain 
etching  consists  of  nitnc  acid  diluted  with  acetic  acid  and  has 
been  described  by  Merica.*  The  most  satisfactory  reagent  for 
etching  nickel  and  producing  contrast  with  a  minimum  amount 
of  pitting  was  found  to  be  concentrated  hydrochloric  acid.  The 
use  of  this  acid  in  concentrated  form  for  etching  piuposes  for 
developing  microstructure  of  nickel  and  related  alloys  is  new  so  far 
as  the  authors  are  aware.  The  only  disadvantage  in  its  use  is  the 
long  time  required.  In  some  cases  (Table  3)  an  etching  period 
of  one  hour  was  required  to  develop  the  structure  satisfactorily. 
However,  one  of  the  principal  requirements  for  etching  nickel 
-  satisfactorily  appears  to  be  a  very  slow  uniform  action.  A  solu- 
tion of  ferric  chloride  produces  results  somewhat  similar  to  con- 
centrated hydrochloric  acid  in  a  much  shorter  time  but,  on  the 
whole,  is  not  so  desirable,  as  the  pitting  of  the  specimen  is  some- 
times excessive  with  this  reagent.     Hydrochloric  add  was  foimd 
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FlO.  iS.—MicrosirucluTe  of  cast  nickel  illuslrating  the  etching  characttrifticmf  tins  mtlat. 
X  100 
The  two  upper  raws  dI  microEniph)  iii«  d  ckctroh-lk  nirktl  mdted  in  vacuo  (ipccinKa  it.  Tmbk  i)l 
theltrolowerrowfitKiw  the  •ppcannnolHnumerciBl  cut  nickel  (ipccimen  19.  Table  i). 
The  number  on  eadi  micrograph  indicate*  the  etching  leaientuied  (Table  9), 
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Fig.  19. — Microstntcture  o/  rolled  nickel  o/W  anrualing  iUuslraHng  Ifu  ticking  charac- 

Unities  of  Ihir  metal.     X  loo 

nnn.  inaii(ui«e-mckcl  rwl  (ullDy  ii.  Tmbic  t).    Thi  Dumbfl-  on  scfa  micTDtraph  Indiata  the  ttduni 
rMEsit  uMd  (Tible  i). 
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to  be  useful  also  for  some  of  the  copper  alloys,  particularly  those 
in  the  cast  state,  and  representative  micrographs  have  been  given 
in  some  of  the  preceding  figures.  The  period  required  for  etching 
the  copper  alloys  with  hydrochloric  acid  was,  of  course,  very  much 
shorter  than  for  nickel,  a  period  somewhat  less  than  a  minute 
usually  being  sufficient. 

2.  mCEEL  ALLOTS 

The  alloys  chosen  as  representative  were  those  in  common 
industrial  use  and  all  were  of  the  a  type  of  structure.  The  list 
included  cupro-nickel,  monel  metal,  nickel  brass  (nickel  silver, 
formerly  German  silver)  and  high  nickel  steel  (invar) . 

The  nickel  alloys  of  the  types  examined  etch  very  much  more 
readily  than  does  nickel.  All  of  the  alloys  excepting  invar  con- 
tained a  considerable  percentage  of  copper,  and  the  etching  char- 
acteristics were  affected  accordingly,  so  that,  though  they  were  not 
etched  so  readily  as  were  the  copper  alloys,  they  resembled  them 
in  their  behavior  more  closely  than  they  did  nickel.  Practically 
all  the  reagents  which  were  found  useful  for  the  copper  alloys 
were  useful  also  for  the  alloys  of  nickel. 

Figs.  20  and  21  show  the  characteristic  appearance  of  cupro- 
nickel  in  the  cast  and  the  wrought  state  after  etching  with  various 
types  of  reagents.  The  results  produced  with  the  same  reagents 
upon  monel  metal  are  shown  in  Figs.  22,  23,  and  24.  The  mi- 
crographs show  that  the  "cored"  or  dendritic  structure  of  the 
cupro-nickel  is  readily  revealed  by  nearly  all  the  reagents  used, 
but  not  so  with  monel  metal.  A  point  worthy  of  note  concern- 
ing the  cored  structure  of  nickel  alloys  is  the  fact  that  it  appears 
to  be  independent  of  the  network  of  the  grain  boundaries.  It 
may  be  noted  in  some  of  the  micrographs  of  cast  monel  metal 
given  that  the  grain  Iraundary  cuts  across  the  dendritic  pattern 
instead  of  inclosing  a  complete  dendrite  entirely  within  a  single 
grain. 

The  high  nickel  "cores"  persist  after  mechanical  working  of 
the  alloy  as  "work  lines"  extending  in  the  direction  of  rolling 
or  forging.  These  lines  are  readily  revealed  by  the  vigoroiisly 
acting  reagents,  such  as  nitric  acid,  and  form  a  very  character- 
istic feature  of  the  microstructure  of  nickel  alloys  particularly 
in  the  hot-rolled  or  unannealed  state.  When  an  oxidizing  re- 
agent was  used,  there  was  often  a  pronounced  difference  in  the 
intensity  of  the  film  produced  upon  these  "work  lines"  and  upon 
the  intermediate  streaks,  so  that  the  surface  had  a  banded  appear- 
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—Micioilritclure  oj  cast  cupro-nicktl  (alloy  38,  Tahlt  l)  illustrating  the  etching 
chatacteriitics  0/  the  alloy.     X  100 
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— Miciostiuctttte  of  cold  rolled  cupro-nickel  shcel  {alloy  44,  TabU  l)  illttslraling 
the  etching  characteristics  of  Ike  material.     X  lOO 
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—Mictottmctvrt  of  cast  tnotiel  melal  {alloy  32,  Table  l)  ilUulraling  the  etching 

characteriiticf  of  Iht  metal.     X  100 
aba  00  ocb  nricroiTapb  tndinm  Uie  etdibiK  raiHit  (Tabl*  1)  uwd. 


Fig.  33.—Muroiliuclure  0/  cold-diavm  monel  melal  tod  (alloy  34,  Table  1).     X  i 
The  aumbcr  oa  neb  mirrocniph  iodioitn  the  Mdiing  nai«ii  (Tablt  9)  uMd. 
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ance  though  otherwise  unetched.  This  was  sometiines  very  pro- 
nounced when  oxygen  was  passed  through  the  etching  solution, 
as  is  shown  in  Fig.  24. 

Figs.  25  and  26  show  the  results  obtained  with  nickel  brass 
(No.  45,  Table  i)  in  the  cold-rolled  state  and  the  same  alter 


Fig.  14. — Microslrucluie  of  hot-rolled  monel  metal  plate  (alloy  jj.  Table  i)  Uluttraling 
the  etching  characteristics  aj  the  alloy.     X  too 

he  elchuiH  r^goit  iubI  (Table  a).    Ill  DucrDSTAph  iTi  d 

annealing.  The  general  behavior  of  alloys  of  this  group  varies 
with  the  nickel  content.  The  specimens  low  in  nickel  were 
found,  as  might  be  expected,  to  be  very  similar  to  the  copper- 
zinc  alloys  in  their  etching  characteristics  although  not  quite  so 
readily  attacked.  The  contrast  produced  and  the  general  appear- 
ance of  the  etched  surface  were  quite  similar,  however. 
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Fig.  15. — Microstruclure  0/  cotd-totUd  nicktl-brasi  iHett  (alloy  45,  Table  i)  itlustrating 
tht  etching  characterisHct  0/  the  alloy.     X  loo 
fbe  Dumber  oa  (ach  microEcaDh  indiraia  ibe  ctchiag  rcoicnt  (Tabic  t)  UMd. 
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■■..'  "  V'  ■" 

Fig.  it.—Microslructure  of  anncakd  nkkcl-iia^s  sheet  {alloy  46.  Table  l)  iltusiTating 
Ike  etching  rharacieruiics  of  the  alloy,     X  100 
ThF  aumbct  mi  tbc  tnlcioBraph  ■adii:at«  tbe  ctcbiag  rracnit  (Table  i)  usd. 
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Vn.  EFFECT  OF  OXYGEN  UPON  THE  RATE  OF  ETCHING 

The  importance  of  oxygen  in  metallographic  etching  reagents 
has  been  previously  discussed.*  In  order  to  verify  and  confirm 
the  conclusions  which  appeared  to  be  justified  by  the  results 
obtained  upon  etching  copper  with  reagents  through  which  oxygen 
was  bubbled,  specimens  representative  of  the  different  copper 
and  nickel  alloys  and  of  various  forms  of  nickel  were  etched  in  a 
similar  manner.  Three  typical  reagents  were  used — ammonium 
hydroxide,  dilute  sulphuric  acid,  and  a  solution  of  ammonium 
chloride.  A  stream  of  oxygen  was  passed  through  each  after  the 
specimen  had  been  immersed  and  the  bubbles  were  directed  against 
the  surface  to  be  etched. 

The  results  obtained  with  the  a  copper  alloys,  on  the  whole, 
confirmed  those  for  copper  and  need  not  be  considered  in  detail 
here.  Some  typical  micrographs  are  given  in  Fig.  27.  It  was 
noted  that  when  a  specimen  was  etched  with  ammonium  hydroxide 
and  oxygen  the  most  intense  attack  was  in  the  central  portion  of 
the  area  against  which  the  stream  of  gas  was  directed.  The  best 
contrast,  however,  was  usually  found  in  the  annular  portion  sur- 
rounding the  central  area  where  the  action  was  somewhat  less 
vigorous.  Those  portions  of  the  surface  which  were  not  near  the 
oxygen  stream  remained  almost  entirely  unetched.  With  dilute 
sulphuric  acid  and  oxygen  the  etching  action  was  confined  almost 
entirely  to  the  annular  portion,  the  spot  against  which  the  gas 
was  directed  remaining  bright  and  unetched.  This  effect  was 
probably  largely  the  results  of  mechanical  causes.  The  bubbles 
of  gas  in  passing  through  ammonium  hydroxide  become  saturated 
with  ammonia  and  hence  have  a  pronounced  effect;  but,  since 
the  sulphuric  acid  is  not  volatile,  a  similar  condition  does  not 
obtain  with  this  reagent,  and  it  is  only  where  the  acid  solution 
becomes  saturated  with  oxygen  that  the  metal  is  attacked. 
Ammonium  chloride  and  oxygen  resembled  ammonium  hydroxide, 
although  the  action  was  much  less  intense. 

When  the  duplex  copper-zinc  alloys  were  etched  by  the  use  of 
oxygen,  the  general  tendency  was  for  the  more  soluble  (zinc- 
rich)  constituent  to  oxidize  more  readily  than  the  other.  Thus, 
the  /3  constituent  was  found  to  darken  in  all  reagents  much  more 
readily  than  the  a.  A  tew  exceptions  were  noted,  however — 
as,  for  example,  in  a  ^  brass — in  which  the  oxidation  was  reversed 
in  the  acid  solution  as  compared  i^vith  the  ammoniacal  one 
(Fig.  27).     Oxygen  as  a  gas  appears  to  have  an  almost  negligible 
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r  of  various  alloys  indicating  the  e^ect  of  oxygen  gas  ufOin  1h* 
etching  of  copper  alloys,  nidiel,  and  nicktl  brass.     X  100 

n  each  mkrnincih  IndicitH  tbr  kUov  (Tabic  i).    The  etdiini  MhlClOD  ii  ihoyra  on  isdi 
indictttts  cau«:trated  ammotiium  hydnuide;  S  dihitc  sulphuric  Acid;  d  directly  in  Ifac 


Di3,l«db,G00glc 


£jj^]  Metallographic  Etching  Reagents  675 

influence  upon  the  etching  of  nickel-  The  action  of  sulphuric 
acid  was  found  to  be  slightly  intensified  on  account  of  the  attack 
by  the  acid  on  the  inclusions  in  the  metal  and  the  formation  of 
pits.  The  action  of  ammonium  hydroxide  and  oxygen  is  very 
slight  and  may  be  disregarded  entirely.  The  behavior  of  cupro- 
nickel  and  monel  metal  was  very  similar  to  that  of  nickel  under 
the  same  conditions.  These  results  are  of  importance  from  a 
practical  viewpoint  in  that  they  demonstrate  in  a  striking  and 
simple  manner  the  noncorrodibiUty  of  these  materials. 

The  nickel  brasses  were  found  to  be  etched  very  appreciably 
by  ammonium  hydroxide  and  oxygen.  Sulphuric  acid  and 
oxygen,  however,  have  but  httle  effect  upon  them. 

Vin.  SUMMARY 

1.  This  article  constitutes  the  second  part  of  the  general 
investigation  of  metallographic  etching  reagents  in  progress  at 
this  Bm-eau.  It  is  closely  related  to  the  one  already  published 
on  copper  in  the  methods  employed  and  results  obtained.  Thfe 
following  materials  were  used:  Copper  alloys,  including  brasses, 
bronze,  and  aluminum  bronze;  nickel;  and  the  a  alloys  of  nickel, 
monel  metal,  cupro-nickel,  and  nickel  brass. 

2.  The  results  of  some  further  experimental  work  are  given 
to  show  the  importance  of  films  in  producing  contrast  in  etching. 
Oxide  and  sulphide  films  were  used,  and  it  was  shown  by  sepa- 
rating the  etching  and  the  filming  operations  that  films  varying 
in  thickness  on  the  individual  crystals  are  produced  by  certain 
reagents,  giving  rise  to  ' '  contrast. "  The  better  understood 
method  for  producing  contrast  by  a  differential  roughening  of 
the  crystals  upon  etching  is  also  illustrated, 

3 .  The  o  copper  alloys  closely  resemble  copper  in  their  general 
behavior  upon  etching  and  in  the  character  of  the  results  pro- 
duced. The  addition  of  tin  to  brass  appears  to  render  it  slightly 
less  responsive  to  etching  reagents  than  the  same  alloy  without 
tin.  Aluminum  bronze  in  the  rolled  condition  was  the  most 
unsatisfactory  of  the  copper  alloys  examined  to  etch.  A  series 
of  copper-zinc  alloys  representative  of  all  the  types  of  structure 
in  this  series  was  examined.  The  alloys  rich  in  zinc  resemble 
this  metal  in  their  etching  characteristics  more  than  they  do  the 
copper-rich  alloys,  in  that  highly  oxidizing  etching  reagents  do 
not  appear  to  be  necessary  for  the  successful  etching  of  the  alloy. 
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4.  Nickel,  particularly  when  of  high  purity,  is  etched  with 
considerable  difficulty.  Oxidizing  acids,  such  as  nitric,  and 
adds  to  which  strong  oxidizers  had  been  added,  were  found 
effective  for  a  quick  etching.  For  producing  a  contrast  etch 
pattern  with  freedom  from  pitting  a  long  immersion  in  concen- 
trated hydrochloric  acid  was  found  to  give  excellent  results. 

5.  Of  the  a  nickel  alloys  examined  monel  metal  and  cupro- 
nickel  were  found  to  resemble  nickel  in  their  etching  properties 
though  they  etched  more  readily.  The  nickel  brasses  (nickel 
silver)  resemble  the  a  copper  alloys  in  many  respects  and  were 
readily  etched  by  the  reagents  used  for  the  brasses  and  bronzes. 

6.  The  copper  alloys  behave  very  similarly  to  copper  in  their 
behavior  toward  etching  reagents  through  which  oxygen  was 
bubbled.  They  were  readily  etched  by  reagents^-ammoniacal, 
acid,  or  neutral — which  otherwise  would  have  but  slight  effect 
upon  them  provided  a  stream  of  oxygen  was  passed  through  the 
solution  while  the  specimen  was  immersed.  Nickel  was  found 
not  to  be  affected  materially  in  its  rate  of  etching  by  the  use  of 
oxygen  gas  except  in  the  degree  of  pitting  produced  in  some 
speciraens.  Cupro-nickel  and  monel  metal  resemble  nickel  in 
this  respect,  and  the  nickel  brasses  are  somewhat  like  the  copper 
alloys.  They  respond  to  the  ammoniaca!  solutions  containing 
oxygen  though  not  to  acid  solutions  and  oxygen, 

7.  The  large  number  of  microscopic  examinations  which  the 
investigation  has  necessitated,  of  which  it  is  possible  to  present 
only  a  relatively  small  number  of  the  micrographs,  has  rendered 
the  summarizing  of  the  results  a  rather  difficult  matter.  Only 
the  more  obvious  and  general  features  have  been  discussed. 

Washington,  August  26,  1921. 
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INTERFERENCE  METHODS  FOR  STANDARDIZING  AND 
TESTING  PRECISION  GAGE  BLOCKS 

By'C  G.  Peien  and  ti  S.  Boyd 

ABSTRACT 

Piedaum  gages,  nliidi  an  blocka  of  metal  (timally  steel),  haviog  two  oppoate 
faces  plane,  panJld,  and  a  specified  distance  apart,  are  used  in  tbe  Aop  as  reference 
end  standards  for  checking  raicTonieters  and  other  measuring  instruments,  and  also 
as  distance  pieces  or  tizt  blacks  for  precise  mechanical  work,  tlie  exten»ve  use  of 
fnecinon  gages  neccastated  by  the  small  tolerances  allowed  in  the  manufacture  of 
Interchangeable  machine  parts  has  required  more  accurately  determined  end  stand- 
ards and  more  npid  and  precise  methods  for  comparing  gnges  with  these  Standards 
than  h«ve  been  previously  avsiUble. 

Since  Qompariaona  of  end  standards  with  line  standards  by  means  cf  micrometer- 
microscopes  and  of  precision  gages  with  end  standards  by  means  of  contact  instru- 
ments are  subject  to  appreciable  enors,  methods  which  make  use  of  tlie  interference 
of  light  waves  woe  used  in  maVing  these  measurenKnts.  With  the  interference 
metlwds  described  in  this  article  the  pUneness  and  paTalleltsm  enois  of  precison 
sur&ces  can  be  measured,  and  the  length  of  standard  gages  can  be  determined  by 
direct  oomparisott  with  the  standard  li^t  waves  with  an  uncertiunty  of  not  toon 
than  a  few  millionths  of  an  inch.  The  enon  of  other  gages  can  be  determined  by 
comparison  mth  these  calibrated  standards  with  equal  predaon.  This  process  makes 
the  standard  light  waves,  which  have  been  determined  to  one  part  in  four  or  five 
million  relative  to  the  international  meter  the  standards  of  length  for  this  work. 

The  apparatus  used  for  calibtuting  standards  and  comparing  other  gages  with  these 
>twidu<ds  is  illustrated  by  line  drawings  and  thoroughly  explained. 
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I.  INTRODUCTION 

Precision  gages,  which  are  blocks  of  metal  (usually  steel)  having 
two  opposite  faces  plane,  parallel,  and  a  specified  distance  apart 
are  used  in  the  shop  as  reference  end  standards  for  checking  mi- 
crometers and  other  measuring  instruments,  and  also  as  distance 
pieces  or  size  blocks  for  precise  mechanical  work.  Hie  extensive 
use  of  precision  g^es  necessitated  by  the  small  tolerances  allowed 
in  the  manufacture  of  interchangeable  machine  parts,  and  the  de- 
velopment of  the  process  of  making  these  gages  with  errors  of  con- 
struction that  seldom  amount  to  0.5  micron  (0.00002  moti) — in 
most  cases  to  not  more  than  0.25  micron  (0.00001  inch) — have 
created  a  need  for  more  rapid  and  precise  methods  of  test  and  also 
for  more  accurately  determined  reference  standards  than  have 
been  available.  Since  tests  of  the  acciu^icy  of  precision  gages  can 
be  most  readily  made  by  comparison  with  secondary  end  stand- 
ards of  the  same  size  and  shape,  gage  blocks  with  very  nearly  per- 
fect siufaces  can  be  used  in  the  testing  laboratory  as  secondaty  end 
standards  when  they  have  been  accurately  calibrated  relative  to 
some  fimdamental  standard  of  let^th  and  when  it  has  been  proved 
that  they  retain  their  dimensions  for  a  considerable  period  of  time. 

The  fimdamental  standard  of  length,  the  International  Proto- 
type Meter,  is  a  line  standard  whose  length  is  the  distance  between 
two  lines  ruled  on  a  pladnum-iridium  bar  carefully  preserved  in  a 
special  vault  at  the  International  Bureau  of  Weights  and  Measures 
near  Paris.  A  duplicateof  this  bar,  Meter  No.  27,  which  is  kept  at 
the  Biureau  of  Standards,  is  the  primary  standard  of  length  for  the 
United  States.  Other  similar  bars,  graduated  in  various  subdi- 
visions of  a  meter  and  calibrated  relative  to  the  primary  standards, 
are  used  as  secondary  or  working  standards.  In  calibrating  these 
secondary  and  intermediate  line  standards  errors  of  0.2  micron 
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(0.000008  inch)  are  possible,  due  to  imperfections  in  the  ruled 
lines. 

The  end  standards  of  the  Bureau  of  Standards  have  been  cali- 
brated heretofore  by  comparison  with  these  line  standards  by  the 
methods  of  Fizeau  '  and  Fisdier.'  These  methods,  requiring  the 
use  of  microscopes,  are  subject  to  errors  of  measurement  which 
may  amount  to  0.5  micron  (0.00002  inch) . 

The  comparisons  between  the  secondary  end  standards  and  the 
precision  gages  are  usually  made  with  contact  comparators  sub- 
ject to  errors  of  0.5  micron  (0.00002  inch) . 

Inasmuch  as  the  tolerance  on  some  machine  work  is  ±2.5  mi- 
crons (  ±0.0001  inch) ,  requiring  the  precision  gage  of  the  shop  to  be 
correct  within  0.35  to  0.5  micron  (one  or  two  hundred-thou- 
sandths of  an  inch) ,  this  degree  of  precision  in  the  gages  requires  the 
secondary  end  standards  of  the  testing  laboratory  to  be  correct 
within  a  few  hundredths  of  a  micron  (milUonths  of  an  inch) .  This 
tolerance  also  requires  that  the  errors  of  measurement  in  making 
the  comparison  between  the  gages  and  the  standards  should  like- 
wise be  limited  to  a  few  hundredths  of  a  micron.  It  is  impossible 
to  attain  this  precision  in  measuring  the  irregularities  in  the  sur- 
faces of  gages  or  end  standards  with  any  micrometric  apparatus, 
in  calibrating  end  standards  by  comparison  with  line  standards,  or 
or  in  making  comparisons  between  end  standards  and  precision 
gages  with  any  contact  apparatus,  because  in  each  case  the  error 
of  measurement  may  be  several  times  the  allowable  errw.  TTie 
error  of  measurement  in  the  step  from  the  standard  meter  to  the 
gage  should  not  be  more  than  0.02  to  0.06  micron  (one  to  three 
milHonths  of  an  inch) . 

In  December,  1917,  we  undertook  to  develop  an  optical  method 
for  making  these  measurements,  and  in  a  short  time,  by  appljring 
methods  which  make  use  of  the  interierence  of  light  waves,  suc- 
ceeded in  solving  the  problem." 

n.  OPTICAL  METHOD 

Instead  of  calibrating  the  end  standards  by  direct  comparison 
with  line  standards  derived  from  the  meter  the  lengths  of  stand- 
ard light  waves  were  chosen  as  the  primary  standards.     These 

■  navMUI  (t  lUmoilci  da  Bunu  IstsnBtloaal  da  Poldi  et  If  etun*.  10. 
•  BulL  PtdL  8o&  d  WMtabutoo.  M.  p.  a^i  1  i«»S. 

'RctMTtiaitlicKmnhadiluvebceatjvsiKtbcfoUoirinimMtloti:  Pitai,  Amcricu]  Sodcty  of  He- 
fhmlfl  Bngtotm.  Wew  Yctt,  Dr.  j.  igiS.    PeUn  and  Boyd.  American  FhvtlattSixaar.  Wuhmcton, 
J.  i»iRi  Amoican  Socictr  of  Ucduuiical  Sn^otm.  Wuhingtoa.  May  jo.  itig;  and  Philoaophlcal 
AO.    A  popular  aiddc  gn  tbc  metbod*  wa*  publlabed  by  FctBi  and  Boyd 


Di3,l«db,G00glc 


68o  ScienHfic  Papers  of  the  Bureau  of  Standards  iVeL  n 

waves  possess  all  the  necessary  properties  of  fundameutal  units 
of  length,  the  most  important  of  which  are  constancy,  reprodud- 
bility,  accuracy  of  measurement,  and  ease  of  application.  As  to 
their  constancy,  reprodudbiUty,  and  accuracy  of  determination 
little  need  be  said.  The  wave  lengths  of  red,  yellow,  and  green 
radiations  from  cadmium  have  been  determined  by  direct  com- 
parison with  the  standard  meter  by  Michdson '  in  1893  and  re- 
determined by  Fabry  and  Benoit  •  in  1907,  the  values  obtained 
from  these  two  independent  determinations  agreeing  to  one  part 
in  sixteen  million  when  corrected  to  similar  conditions. 

Numerous  comparisons  made  by  spectroscopists  between  these 
fundamental  wave  lengths  and  the  wave  lengths  emitted  by  other 
limiinous  substances  prove  that  the  light  waves  are  the  most 
dependable  length  units  known.  Their  work  has  placed  at  our 
disposal  a  large  number  of  l^ht  sources  which  can  be  easily 
obtained  and  operated  and  which  emit  radiations  whose  wave 
lengths  are  known  to  one  part  in  four  or  five  miUion.  Hie  only 
remaining  requirement  is  tiie  easy  application  of  these  waves  in 
the  caUbration  of  end  standards. 

In  making  this  application  incandescent  neon  and  helium  gases, 
giving  wave  lengths  ranging  from  0.40  to  0.75  micron  (0.000016 
to  0.000030  inch)  w«e  used.  These  have  been  determined*  with 
an  accuracy  of  one  part  in  four  or  five  million  and  found  to  be  exactly 
reprodudble  within  the  limits  of  observational  error.  For  an  accu- 
racy of  one  millionth  of  an  inch  a  comparison  with  these  waves  is 
therefore  exactly  equivalent  to  a  comparison  with  the  standard 
meter. 

Three  sets  of  carefiUly  selected  gages,  each  containing  81  blocks 
of  various  lengths  from  0.05  to  4  indies,  were  chosen  as  the  sec- 
ondary end  standards  for  gage  calibration  by  interference  methods. 
The  planeness  and  parallelism  of  the  surfaces  and  length  of  the 
g^es  were  detennined  by  means  of  the  interference  fringes  seen 
in  monochromatic  li^t.  To  test  for  planeness,  a  glass  true  plane 
was  placed  over  each  gage  surface  and  the  curvature  of  the  inter- 
ference fringes  in  monochromatic  light  was  determined  by  means 
of  the  Pulfrich  instrument  described  below.  Each  gage  was  then 
made  the  separator  for  two  interferometer  plates,  thus  forming  a 
Fabry  and  Perot  interferometer.     Lack  of  parallelism  of  the  sur* 

'  UdKhoa.  TnTHix  ct  Ufaiojra  du  Bui 

*  Fibry  nod  BBuAt,  TnniDt  ct  Uteulta,  11;  i»i 

<  Bona,  Ifencn,  ind  IfBtlll,  B.  a  Sd.  Pips*,  N 
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faces  was  detennined  on  moving  the  eye  across  the  plates  by  the 
expansion  or  contraction  of  the  circular  (Haidinger)  rings,  pro- 
dticed  when  the  interferometer  was  illuminated  with  radiation 
from  a  helium  source.  The  distance  between  the  interferometer 
plates  was  determined  from  measurements  on  the  diameters  of 
these  rings.  From  this  determination,  by  applying  corrections 
for  the  density  of  the  air,  lack  of  parallelism  of  the  gage  surfaces, 
and  thickoess  of  the  metallic  film  on  the  interferometer  plates, 
the  length  of  the  gage  was  obtained. 

Several  independent  determinations  made  the  same  day  on  a 
given  gage  agreed  to  0.025  micron  (o.oooooi  inch).  Intercom- 
parisons  between  similar  gages  from  different  sets  and  between 
combinations  of  different  gages  proved  that  errors  in  the  deter- 
minations of  these  gages  were  in  no  case  greater  than  0.07  micron 
(0.000003  inch),  and  these  errors  were  due  in  most  cases  to  irreg- 
ularities in  the  surfaces  of  the  gages.  With  perfect  gages  and 
accurately  controlled  conditions  the  precision  of  the  measure- 
ments should  be  comparable  with  the  highest  precision  obtainable 
in  wave-length  measurements. 

After  these  end  standards  were  calibrated  a  large  number  of 
precision  gages  were  compared  with  them  by  means  of  an  inter- 
ferometer comparator.  With  this  instrument  one  person  is  able 
to  test  the  planeness  and  parallelism  of  the  surfaces  and  length  of 
about  100  gages  per  day  with  an  imcertainty  of  not  more  than 
0.07  micron  (0.000003  inch).  During  the  past  year  about  30000 
precision  gages  have  been  tested  at  the  Bureau  of  Standards  by 
two  workers,  which  shows  that  the  method  is  sufficiently  rapid 
for  quantity  work. 

Thus  it  has  been  possible  to  originate,  by  the  method  fidly  de- 
scribed below,  end  standards  directly  from  the  standard  light  waves 
and  to  compare  large  mmibers  of  commercial  gages  with  these 
standards  by  means  of  light  interference,  with  an  accuracy  far 
greater  than  can  be  attained  in  the  manufacturing  shops  of  the 
OTuntry, 

m.  INTERFERENCE  OF  LIGHT 

The  sensation  of  light  is  due  to  transverse  waves  radiated  by 
luminous  bodies.  These  waves  vary  in  length,  giving  rise  to 
different  color  sensations.  The  range  of  the  wave  lengths  visible 
to  the  eye  is  from  about  0.4  micron  (0.000016  inch)  for  blue  light 
to  0.7  micron  (0.000028  inch)  for  red. 
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If  two  trains  of  waves  from  one  point  in  a  source  having  trav- 
ersed different  paths  fall  upon  a  point  on  the  retina  of  the  eye, 
the  resultant  amplitude  of  vibration  determines  the  brightness. 
If  they  are  "in  step,"  maximum  brightness  results.     If,  however, 
the  troughs  of  the  one  arrive  with  the  crests  of  the  other,  destruc- 
tive interference  takes  place,  residting  in  relative  darkness.     If 
the  two  trains  travel  difEerent  distances,  so  that  the  difference  in 
path  is  some  whole  number  of  wave  lengths,  then  the  waves  will 
reach  the  eye  in  phase.    If  the  difference  in  path  is  equal  to  some 
whole  number  of  wave  lengths  plus  one-half  wave  length,  the 
waves  in  the  two  trains  will  be  in  opposite  phase,  so  that  destruc- 
tive interference  takes  place.     The  conditions  for  interference  are 
realized  when  lighffrom  an  exteiided  soiuce  S,  Fig.  i,  falls  on  a 
thin  transparent  film.     Part  of  the  light  is  reflected  from  the  first 
surface,  ABCD,  and  the  remainder  is 
transmitted    to    the  second    surface, 
ABGF,  where  partial  reflection  again 
takes  place.      Since  the  wave  trains 
reaching  E  from  these  two  reflections 
have  traveled  over  different  distances, 
reinforcement  or  destructive  interfer- 
ence can,  therefore,  occur.    When  white 
A  w  light  is  tised  and  the  film  is  sufficiently 

Fio.  t.~lnterftreiK»  of  Ughi  «-   thin,  a  few  brightly  coloTcd  bands  are 
fi^udjrov,  ihe  ^rj^  i'"  °   seen  across  its  surface.     If  monochro- 

MtRJiM  ....  .  ....  r  . 

matic  hght — ^that  is,  light  of  one  color 
or  of  very  limited  spectral  extent — ^be  employed,  alternate  light 
and  dark  bands  or  interference  fringes  may  be  observed  to  cross 
the  film. 

If  one  of  the  stufaces  of  the  film  be  plane,  the  shape  of  the  other 
surface  can  be  obtained  from  measurements  of  the  film  thickne.ss 
at  several  points.  To  derive  the  relation  between  the  film  thick- 
ness t  and  the  shape  of  the  interference  fringes,  consider  the  thin 
film  formed  by  the  two  plane  surfaces  which  are  represented  by 
the  traces  AC  and  AG,  Fig.  2,  inclined  at  a  slight  angle  ^.  Ob- 
serving the  film  at  an  angle  9  with  the  normal,  rays  of  light  origi- 
nating at  the  point  S  in  the  source  and  reflected  by  the  two  sur- 
faces AC  and  AG  will  appear  to  come  from  the  two  sources  5, 
and  S'j,  The  difference  in  path  of  two  rays  reaching  E  is  A^, 
where  N  is  the  "order  of  interference"  or  number  of  waves  in  the 
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distance  S^K  and  X  is  the  wave  length  of  the  monochromatic  light. 
Let  the  distance  between  the  two  imE^;es  of  the  source  SiSj—k. 
N\  =  h  cx>s(0+a) 

—  k  cos  0  cosa  —  h  sin  0  sina 

"  2(a  +  6)  sin  0  cos  fl  -  ad  sin  0  sin  fl 

—  2(a  +  b)  sin0  cosff  — afrsini^cosfl 

—  za  sin  0  cos  0 

-2icos9.  (i) 


PK).  a. — Rthlion  bttaten  the  film  tkidtmis  and  tin  order  of  inlerfertnet 

If  iV  is  an  integer,  the  two  wave  trains  will  be  opposite  in  phase, 

due  to  the  phase  change  (-)  by  reflection  at  the  denser  medium,' 

and  the  point  observed  will  in  that  case  appear  dark.  The  locus 
of  the  points  for  which  iV  is  a  given  integer  is  the  interference 
fringe  of  the  Nih  order  and  appears  as  a  dark  band  across  the  film. 
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Equation  (i)  may  also  be  expressed  in  the  form 


where  P  represents  the  perpendicular  distance  from  E  to  the  film 
and  I  the  distance  from  E  to  the  point  at  which  t  is  taken. 

IV.  TEST  FOR  PLANEHESS  OF  SURFACES 

I.  PERPBHDICnUR  HTCIDrafCE 

In  testing  the  planeness  of  polished  surfaces,  such  as  are  pro- 
duced on  prisms,  surface  plates,  precision  gages,  or  micrometer 
anvils,  a  test  plate  is  placed  in  close  contact  with  and  slightly 
inclined  to  the  surface  to  be  tested,  thus  forming  a  thin  wedge- 
shaped  film  discussed  in  the  previous  section.  This  test  plate  is 
of  glass,  one  surface  of  which  has  been  polished  accurately  true 
plane  and  tested  against  a  master  true  plane  or  liquid  surface  of 
large  extent.  The  accuracy  of  the  test  is,  of  course,  limited  by 
the  irregularities  of  the  test-plate  surface.  It  is  very  difficult  to 
make  glass  surfaces  50  to  75  mm  (2  to  3  inches)  in  diameter  plane 
within  0.25  micron  (0,000010  inch),  and  to  reduce  this  error  re- 
quires exceptional  skill.  For  ordinary  work,  however,  test 
plates  plan^  within  0.25  micron  (o.ooooi  inch)  are  sufficient,  but 
when  it  is  necessary  to  determine  irregularities  of  a  few  hun- 
dredths of  a  micron  (millionths  of  an  inch)  in  the  siu^ace  imder 
test,  great  care  must  be  exercised  in  selecting  and  testing  the  test 
plate. 

In  order  to  give  a  definite  value  to  the  wave  length  X,  the  thin 
wedge-shaped  film  of  air  formed  between  the  plane  surface  of  the 
test  plate  and  the  surface  under  test  is  illimiinated  with  mono- 
chromatic light.  A  convenient  source  of  monochromatic  light 
is  a  Bunsen  flame,  in  which  is  inserted  a  piece  of  asbestos  soaked 
in  a  salt  solution,  or  a  ground  glass  plate  illuminated  either  by  a 
heHiun  lamp  operated  on  a  5000-volt  ac  circuit,  or  by  a  mercury 
vapor  lamp  covered  with  a  green  glass  screen.  The  wave  lengths 
of  the  most  effective  vidble  radiation  from  these  sotuces  are 
approximately : 

Sodium  (yellow)  =0.589  micron  (0.0000232  inch). 

Helium  (yellow)  =0.588  micron  (0.0000231  inch). 

Mercury  (green)  =0.546  micron  (0.0000215  inch). 

A  colored  glass  screen  illuminated  by  an  incandescent  lamp  or 

ordinary  dayUght  may  be  used  as  a  somre  if  high  precision  is  not 
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desired,  but  the  light  will  not  be  sufficiently  monochromatic  to 
allow  assignment  of  a  definite  value  to  the  most  effective  wave 
length. 

A  very  convenient  instrument  for  illuminating  the  film  and 
at  the  same  time  viewing  the  interference  fringes  on  the  film  is 
one  designed  by  Pulfrich'  and  shown  in  Fig.  3.  The  light  from 
a  helium  lamp  H  is  focused  upon  a  small  total  reflection  i»ism  p. 
After  being  collimated  by  the  lens  O,  it  is  reflected  by  the  prism  R 
down  to  the  interferometer  ABD,  which  is  in  the  focal  plane  of 
the  lens  O,.  The  rays  reflected  by  the  film  surfaces  are  broi^ht 
to  a  focus  by  the  lenses  O,  and  O,  upon  the  slit  S,  and  images  of 
the  interference  pattern  and  the  reference  marks  on  the  test  plate 
are  viewed  with  the  eyepiece  C.  The  direct-vision  prism  K 
separates  the  fringe  patterns  due  to  the  helium  light  of  different 
wave  lengths.     A  pair  of  cross  wires  located  at  S  and  operated 


PlO.  s.—OpHcal  lylltm  of  On  Puffrick  inslrumsnl 

by  a  micrometer  head  make  it  possible  to  measure  small  dis- 
placements of  the  fringes  from  the  straight  reference  lines  ruled 
on  the  test  plate  AB.  With  this  instnmient  and  an  exceedingly 
true  test  plate  the  planeness  of  an  unknown  surface  can  be  meas- 
ured with  an  accuracy  of  0.025  micron  (o.oooooi  inch).  The  only 
objection  to  the  instrument  is  that  the  field  is  limited  to  about 
3.5  cm  (i  inch),  so  lU  testing  a  large  surface  only  a  small  portion 
can  be  seen  at  one  time.  Instruments  of  similar  optical  design 
described  by  Schultz*,  SchOnrock'*,  and  Laiffent"  eliminate  this 
objection  by  having  fields  of  view  as  large  as  35  cm  (10  inches). 
With  these  four  instruments  the  rays  of  light  coming  from  the 
source  to  the  film  surfaces  are  made  parallel  by  the  lens  systems 
and  when  reflected  back  to  the  eye  pass  along  the  perpendicular 

•  Pultrldi,  Zdu.  I.  loM.,  IB,  p.  361 ;  itoS. 

t  SchulU,  ZeiU.  I.  Inat.,  M,  D.  >S';  1914- 
'°BrodliunuidSchliiinid[.Zc)ti.I.Io«.,  IS,p.  jst:  igoL 
u  Lament,  C.  R..  H,  p.  mi!:  >K8i. 
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to,  say,  the  first  surface,  and  this  conditioa  holds  over  the  whole 
field  of  view.  Under  such  conditions,  in  equation  (i)  cos  B='i, 
and 

2t-N\,  (3) 

which  states  that  the  difference  in  path  of  the  two  interfering 
trains  is  simply  equal  to  the  double 
thickness  of  the  film  (the  double  dis- 
tance signifying  that  the  light  travels 
down  and  back  through  the  film). 
From  this  equation  it  is  evident  that 
where  N  is  constant — that  is  along  any 
/(  one  fringe — t  is  also  constant.     Hence, 

the  fringes  trace  lines  of  equal  separa- 

r,^^.-I,utf^|ri^.  (,J.«  jj^__  ^j  ^^  ^^  surtaces."    Starting 

from  the  line  of  contact  ABoi  the  two 
plane  surfaces,  Fig.  4,  and  moving  to  a  wider  part  of  the  film, 
when  2f  =  X  interference  occurs  causing  the  first  dark  fringe  /,  which 

is  a  straight  line  parallel  to  AB.    When  2t'=-  X,  the  wave  trains 

reinforce  each  other  and  a  bright  fringe  is  produced.     Moving 

to  a  still  thicker  part  of  the  wedge, 

where  2t=2\,  a  second  dark  fringe  /, 

will  occur,  etc.     From  this  it  is  evident 

that  if  the  surfaces  are  plane  the  fringes 

will  be  straight  lines,  equally  spaced, 

and  parallel  to  the  line  of  intersection 

of  the  surfaces.     The  next  dark  fringe 

always    occurs    on    passii^    to    where 

the  double  separation  increases  by  X. 

Hence,    the    distance    between    fi^nges 

depends  on  the  inclination   of  the      j    „  g 

surfaces.  ^ 

If  a  plane  surface  be  brought  in  con-  ^^-  s-— ^ "W*"*:*  /""?«. 
tact  with  a  convex  spherical  surface,  «>»'«=  ^^*«^'«.^«* 
Fig-  5.  then  at  C  the  point  of  contact  2('is  equal  to  zero. 
Radially  from  this  point  the  separation  of  the  surfaces  increases 
imiformly  in  all  directions,  so  the  fringes,  and  hence  the  lines  on 
which  2t^N\,  are  concentric  circles  around  the  point  of  contact 
as  a  center.     On  any  ring  the  distance  of  the  spherical  surface 

'■  The  lut  (hauld  be  nmed  hen.  howerer.  t hit  the  llinge  raiukl  the  line  d  coBstuit  thntoiend  the 
fihn  tmir  when  the  diRCtion  of  vl«*  i>  perpendicular  to  the  film  orer  the  irhdc  film,  Obstrnd  otillqueli'. 
ftnU^t  (rinset  do  not  indicate  that  the  tciled  mclace  ii  plane,  ai  ibawn  bdow. 
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Fio.   6, — inierftrmce  fHngtt, 
concave  spherical  surface 


from  the  plane  is  equal  to  the  number  of  the  ring,  counting  from 
the  point  of  contact,  times  —     By  pressing  down  at  A  the  plane 

surface  can  be  made  to  roll  on  the  spherical  surface,  shifting  the 

point  of  contact  and  with  it  the  center 

of  the  ring  system  in  the  direction  of  A 

or  toward  the  ptmit  of  application  of  the 

pressure.    With  a  convex  surface,  there- 
fore, the  center  of  the  ring  system  lies 

at  the  point  of  minimum  separation. 
If  one  of  the  surfaces  be  concave  and 

spherical.  Fig.  6,  a  similar  system  of 

concentric  circular  fringes  is  produced, 

but  in  this  case  the  center  of  the  system 

lies  at  the  point  of  maximum  separation. 

Pressing  down  on  A  causes  the  center  of 

the  ring  system  to  shift  toward  B,  the 

direction  of  increasing  separation,  away 

from  the  point  of  application  of  the 

pressure.     Thus,  a  slight  pressure  on  one  edge  of  .the  plane  surface 

AB  serves  to  indicate  whether  the  curved  surface  is  convex  or 

concave. 
With  one  surface  plane  and  the  other  irregidar  the  fringes  are 
irregular,  each  of  which  follows  the 
line  of  tqaal  separation  of  the  surfaces. 
Whether  the  irregularity  is  a  projection 
or  depression  can  be  determined  by 
applying  a  slight  pressiu^  to  one  €?Tge 
of  the  upper  surface  and  noting  the 
direction  of  shift  of  the  fringes. 

The  amount  a  curved  surface  devi- 
ates from  a  true  plane  can  be  readily 
estimated  as  follows:  Draw  a  straight 
line  FK,  Fig.  7,  across  the  center  of 
the  true  plane  surface,  parallel  to  the 
line  of  contact  AB  of  the  surfaces. 
Bring  this  line  tangent  to  one  of  the 
fringes  at,  say,    the   point  H.    It  is 

evident  that  this  line  represents  the  direction  a  fringe  through  H 

would  take  if  the  irregular  siuface  could  be  converted  into  a 

plane  tangent  to  the  irregxUar  surface  at   M.    The    fractional 
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part  of  the  distance  between  two  fringes  by  which  the  fringe  EL 
deviates  from  the  straight  line  FK  gives  the  fractional  part  of 
a  half  wave  length  by  which  the  irregtdar  surface  deviates  along 
FK  from  true  plane.  With  AB  aa  the  line  of  contact,  the  point 
F  is  estimated  to  be  one-fourth  wave  length  above  and  K  one- 
half  wave  length  below  the  plane  surface  tangent  at  H. 

2.  miRORS  or  INTBRPRETATIOH 

Although  the  theory  is  quite  explicit,  it  is  a  very  common  mis- 
take to  assume  that  straight  frii^es  always  indicate  planeness 
.  when  a  surface  under  test  is  pUuxd  on  a  true  plane,  and  conversely 
curved  fringes  indicate  that  the  surface  is  not  a  true  plane.     Both 
of  these  interpretations  may  be  wrong.    For  example,  the  operator 
may  view  the  light  reflected  ob- 
liquely by  the  film,  and  to  make 
sure  that  the  fringes  are  straight 
he  may  tower  his  eye  to  sight 
along  them.     Or,  the  fringes  from 
one    position  appearing  curved, 
he  may  shift  to  another  and  find 
them  quite  straight,  then  draw 
his  conclusions    from    what  he 
observes  under  these,  to  him,  best 
conditions. 

It  is  important  to  know  something  about  the  magnitude  of  the 
errors  which  may  be  introduced  by  the  assumption  that  straight 
fringes  always  indicate  planeness  and  curved  ones  indicate  curva- 
ture of  the  surface  tested.  The  treatment  of  this  falls  under  the 
general  case  shown  in  Fig.  2,  where  the  thickness  of  the  film  at  any 
point  is  given  by  equation  (2) 


Fro.  8.— Error*  of  inUtPfttation  . 

by  viewing  the  film  obUquely 


'   1  P' 


which  goes,  for  normal  incidence,  into  equation  (3) 


(2) 


(3) 


Suppose  from  the  point  E,  Fig.  8,  a  straight  fringe  is  observed 
along  FK  which  is  drawii  parallel  to  AH.  With  one  of  the  film 
surfaces  plane,  how  much  does  the  other  diverge  from  plane 
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between  F  and  Kf    Using  (3)  instead  of  (2)  in  determining  the 
thickness  of  the  film  at  any  point  gives 


The  error  introduced  is 


<-.=-<i:.> 


(4) 

(5) 


The  actual  deviation  from  planeness  between  F  and  K  is 

At  =  t,-tt.  (6) 

The  observed  deviation  from  (3)  is 

At'  =  t'r-t'x.  (7) 

The  error  introduced  by  using  (3)  instead  of  (2)  is 

5.i/-A('  =  (^-i)',-(|-i)'K  =  (^-i)4/'  +  ^A/     (8) 

WhereA/  =  /p-/K. 
This  equation  is  seen  to  be  consistent  in  that  5  becomes  zero  for 

normal  incidence  at  both  F  and  K,  in  which  both  [■£-1)  and  AI 


are  zero. 
Sighting  along  a  line  from  a  normal  position  over  i^C,  U  —  P; 


S- 


.-<^.> 


which  states  that  the  error  in  detemtining  how  much  the  tested 
surface  deviates  from  the  plane  is  simply  equal  to  that  in  deter- 
mining the  thickness  of  the  film  at  F,  equation  (5) . 

If  one  observes  the  fringe  obliquely  at  both  F  and  K,  It  and  It 
increasing  and  at  the  same  time  approaching  equaUty,  we  have 
for  a  given  length  FK  the  error  represented  by  the  term  that 
contains  Af',  increasing  with  6,  while  that  represented  by  the 
term  containing  I'm.  is  decreasing.  Take  some  numerical  exam- 
ples: 

(o)  With  the  eye  10  inches  aoove  the  center  of  a  6-inch  surface 
being  tested  on  a  true  plane  and  viewing  a  diametrical  fringe, 
P-10,  /p  =  10.445,  li  =  P,  applying  (8) 

5  =  0.044  ^^'  +  0-044  ''»• 
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.  (b)  With  the  eye  moved  back  10  inches  in  a  direction  at  right 
angles  to  the  fringe,  P  remaining  constant,  and  viewing  the  center 
K  and  the  farthest  edge  F,  ?f  =  14.46  fc- 14.14  we  have  from  (8) 

5  —  0.446  Af'  +  o.032  t'l. 

(c)  With  the  tyt  moved  back  20  inches  instead  of  10,  /»  =  22.56, 
Ik  — 22.36, 

S  =  1 .256  At'  +  o.oiot's.. 

A  comparison  of  (a),  (6),  and  (c)  shows  that  the  error  arising 
from  the  actual  deviation  in  planeness  increases  rapidly  with 
oblique  inspection,  while  the  error  rising  from  the  th'-'lrtipwi  of  the 
film  decreases.     Both  these  effects 
cause  the  fringes  to  strai^ten  with 
increasing  9.     Therefore,   using  ob- 
lique incidence  slightly  reduces  the 
error  of  measurement  if  the  surface 
under  test  is  plane  and  greatly  in- 
creases the  error  if  the  surface  de- 
viates from  plane.     An  improvement 
on  the  customary  apparatus  is  made 
by  the  addition  of  h  thin  plate  of  glass 
P,  set  at  an  angle  of  45  degrees  to  the 
perpendicular  EH  from  the  eye  to  the 
surface,  Fig.  9.     With  thisarrange- 
FiG.  g.— optical  lysuvt  for  toting  mgnt  the  cTTor  due  to  deviation  of 
■""^"^  the  surface  from  plane  is  eliminated 

and  a  correction  can  be  applied  for  error  due  to  the  film  thickness. 

V.  ADHERENCE  OF  SITRFACES 

When  the  plane  surfaces  of  two  gages,  or  of  a  gage  and  a  glass 
plate,  are  brought  into  intimate  contact,  they  adhere  to  each 
other,  necessitating  considerable  force  to  separate  them.  To 
cause  this  adherence  the  surfaces  are  first  washed  with  benzol, 
then  with  alcohol,  and  finally  wiped  with  clean  cotton  to  remove 
all  traces  of  grease  and  dust.  The  surface  of  the  plate  is  brought 
in  contact  with  the  gage  surface  and  pressed  on  tightly  to  force 
out  the  film  of  air.  A  drop  of  alcohol  when  placed  on  the  plate 
against  the  gage  will  spread  out  around  the  gage  and  pull  the 
two  surfaces  into  very  close  contact.  Any  excess  of  liquid  can 
be  forced  out  by  sUding  the  surfaces  on  each  other.    When  they 
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come  into  close  contact  the  adliesive  force  causes  them  to  grip 
each  other  and  resist  a  large  separating  force. 

A  large  number  of  measurements  we  have  made  show  that 
when  two  very  plane  surfaces  are  brought  into  contact  in  this 
manner  the  separating  film  is  not  more  than  0.025  micron 
(o.oooooi  inch)  thick.  Doubtless  the  surfaces  come  into  intimate 
contact  at  the  high  points,  the  liquid  filling  the  fine  furrows  or 
scratches  left  by  the  finishing  laps.  Our  tests  show  that  two 
g^es  with  the  ordinary  lapped  fiidsh  when  brought  into  contact 
as  described  require  to  separate  them  a  pull  in  the  direction 
perpendicular  to  the  surfaces  of  from  2.5  to  2.8  kg,  per  square 
centimeter  (35  to  40  pounds  per  square  inch). 

With  gages  possessing  a  high  optical  polish  more  intimate 
contact  is  posable — ^that  is,  the  capillary  film  is  much  thinner — 
and  the  required  separating  force  ranges  between  6.7  to  7  kg. 
per  square  centimeter  (95  and  100  pounds  per  square  inch). 
Considering  the  extreme  thinness  of  the  separating  film  when 
good  contact  exists,  the  need  of  exceedingly  plane  stnfaces  is 
apparent.  A  nick  or  burr  on  the  edge  or  a  small  surface  eleva- 
tion which  holds  the  two  surfaces  0.25  micron  (o.ooooi  inch) 
apart  makes  adherence  almost  impossible.  Two  surfaces  will 
also  adhere  when  covered  with  a  film  of  grease  or  with  moisture 
from  the  hand.  The  thickness  of  these  fihns,  however,  is  a  rather 
indefinite  quantity,  in  most  cases  about  0.07  micron  (0.000003 
inch),  and  while  considerable  force  is  required  to  slide  the 
gages  on  each  other  they  can  be  pulled  apart  by  a  force  of  5  to 
10  pounds  per  square  inch.  With  gages  having  slight  surface 
imperfections  the  oil  film  assists  somewhat  in  holding  them  to- 
gether and  for  the  ordinary  uses  of  gages  the  existence  of  the 
oil  or  grease  film  introduces  no  appreciable  error,  but  in  making 
accurate  calibration  of  the  gages  then^elves  it  should  be  elim- 
inated. 

The  results  obtained  with  two  different  combinations  of  gages 
are  given  in  Table  i  to  illustrate  the  effect  produced  by  the  film 
between  the  gages.  The  five  gages  in  the  first  set  were  brought 
into  contact  as  described  above.  The  measured  length  of  the 
combination  differed  from  the  sum  of  lengths  of  the  individual 
gages  by  four  nuUionths  of  an  inch.  The  nine  gages  in  the  second 
set  were  first  brought  into  contact  as  described  above.  In  this 
case  the  measured  length  of  the  combination  A  differs  from  the 
sum  of  the  lengths  of  the  individual  gages  by  six  millionths  of  an 
87643''~22 3 
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inch.  The  gages  were  then  separated,  rubbed  across  the  wrist, 
and  brought  into  contact  again.  The  measured  length  B  shows 
that  the  length  of  the  combination  increased  by  thirty-four 
millionths  di  an  inch.  This  indicates  that  a  film  of  moisture 
about  three  to  four  millionths  of  an  inch  in  thickness  had  been 
introduced  between  each  pair  of  gages.     * 


bul» 

o«M  a.KH-a-iH-0.  km-ol  lis+o.  m  i>di: 

OaiMO.  tS+O.  U+a  30+0.*S+4.«H-<).  4S+D.  S^O-W+O.  Mtach: 

VI.  TEST  FOR  PARALLELISM  OF  SITRFACES 


The  arrangement  of  the  apparatus  used  to  test  the  parallelism 
of  the  surfaces  of  a  standard  gage  is  sbswn  in  Fig.  lo.     Two 


S  4 « 

U L 


Fio.  10.— Optical  lystem  for  fating  paratUtitm  of  gage  turfotts 

accurately  plane  interferometer  plates  P,  and  P,  have  a  semi- 
transparent  film  of  platinum  on  their  inner  faces.  Near  one  edge 
of  eadi  a  strip  of  the  platinimi  about  one-half  inch  wide  is  removed. 
This  dear  area  on  P,  is  brought  in  contact  with  one  end  of  the 
gage,  G,  and  that  of  P,.with  the  other  end  of  the  g^e.  This 
combination  of  plates  and  gage  constitutes  a  Fabry  and  Perot 
interferometer.  When  this  interferometer  is  placed  in  front  of 
the  ground  glass  screen  B  illuminated  with  monochromatic  light 
from  the  source  5,  and  viewed  from  E  aloi^  a  line  SE  perpendicu- 
lar to  the  platinized  surfaces,  concentric  interference  rings  known 
as  "Haidinger  rings"  are  seen.  When  the  eye  E  is  moved  in  a 
direction  perpendicular  to  the  line  of  s^ht  SE,  the  system  of 
rings  moves  across  the  plates  in  the  same  direction,  the  center  of 
the  system  always  remaining  on  the  perpendicular  from  the  eye 
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to  the  surface.  If,  now,  the  interferometer  surfaces  are  parallel 
to  each  other,  which  means  that  the  two  gage  surfaces  which  are 
in  contact  with  them  must  also  be  parallel,  each  ring  will  retain 
its  original  diameter  when  the  eye  is  moved  as  designated.  If 
the  plates  are  not  parallel,  the  rings  expand  on  moving  opposite 
points  of  greater  separation  and  contract  as  the  eye  is  moved  in  the 
direction  of  smaller  separation.  Suppose  that  when  the  eye  is 
shifted,  so  that  the  center  of  the  ring  system  moves  across  the 
plates  from  one  edge  to  the  other,  the  first  central  ring  expands 
and  takes  the  place  originally  occupied  by  the  second  (a  new  ring 
forming  within) ;  then  the  distance  between  the  two  interferometer 
plates  has  increased  by  one-half  wavelength,  which  for  yellow 
helium  light  is  about  0.29  micron  (0.00001 1  inch).  If  the  width 
of  the  gage  is  one-fourth  that  of  the  platinized  space,  this  would 
mean  a  difference  of  about  0.07  micron  {0.000003  inch)  between 
the  gage  lengths  along  opposite  sides.    Since  an  expansion  of 


— Optical  tytUm  for  d*i*niUinngth»  kngihefa  gag*  by  mmuit  of  light  v 


the  rings  can  be  estimated  to  one-fourth  of  the  diameter  of  the 
first  ring,  an  error  of  0.025  micron  (o.oooooi  inch)  in  the  parallel- 
ism of  the  gage  surfaces  can  be  detected.  To  realize  this  preci- 
sion, however,  special  care  must  be  taken  to  have  the  surfaces  of 
the  gage  in  very  close  contact  with  the  plates. 

Vn.  CAIJBRATION  OF  Ein>  STANDARDS  WITH  THE  FABRY 
AND  PEROT  IRTERFEROMETER 

1.  GEITERAL  PLAH  OS  APPARATUS 

The  arrangement  of  the  apparatus  used  to  measure  gages  in 
wave  lengths  is  shown  in  Fig.  1 1 .  The  interferometer  formed  by 
the  gage  and  plates  of  Fig.  10  is  placed  within  a  constant  tempera- 
ture chamber  A  in  front  of  the  siit  of  a  grating  or  prism  spectro- 
graph. Light  from  the  neon  lamp  5  is  focussed  by  the  lens  Z., 
upon  the  interferometer  PiP,.  Part  of  the  light  is  transmitted 
directly  through  the  interferometer,  part  is  reflected   by  the 


Digitized  byGoOgle 


694  Scientific  Papers  of  the  Bureau  of  Standards  ivh.  n 

platinized  surface  of  P,  to  the  platini^d  surface  of  P„  where  it  is 
again  partially  reflected,  and  then  a  part  of  it  passes  on  Ihrou^ 
Pi,  and  so  on  through  a  large  number  of  multiple  reflections  and 
transmissions.  Hie  reflected  and  directly  transmitted  parts  when 
combined  produce  a  ^rstem  of  interference  rings  which  is  focussed 
by  the  lens  L,  upon  the  slit  F  of  the  spectrograph.  The  images 
of  the  slit  corresponding  to  the  different  radiations  from  neon  are 
separated  by  the  grating  B  and  recorded  on  the  photographic 
plate  K. 

2.  SOURCE  OF  LIGHT 

The  source  of  light  used  in  this  work  was  an  electric  dischai^ 
tube  filled  with  neon  gas  and  operated  on  a  10  000  volt  ac  circuit. 
Wave  lengths  between  0.58  and  0.70  micron  (0.000023  and 
0.00002S  inch)  were  used  in  making  the  determinations.  The 
radiations  from  neon  gas  are  very  homogeneous  and  show  good 
interference  with  large  path  differences,  making  it  possible  to 
measure  gages  5  cm  (2  inches)  in  length  without  difficulty.  Longer 
gages  can  be  measured  if  a  telescope  is  used  in  making  the  inter- 
ferometer adjustments.  A  limit  on  the  maximum  length  of  gage 
which  can  be  compared  directly  with  light  waves  by  this  inter- 
ference method  is  imposed  by  the  fact  that  no  specti^  lines  are 
ideally  homogeneous  or  monochromatic.  Under  ordinary  condi- 
tions the  neon  lines  fail  to  show  interference  when  the  retardation 
exceeds  300000  waves.  This  permits  direct  comparison  with  10 
cm  gages.  The  spectral  lines  of  krypton  are  sharper  and  would 
allow  20  cm  gages  to  be  measmed  by  this  method. 


The  interferometer  plates  were  glass  disks  42  mm  (1,7  inches) 
in  diameter  and  8  nun  (0.3  inch)  in  thickness,  or  glass  plates  5  cm 
(2  inches)  square  and  i  cm  (0.4  inch)  thick.  These  plates  were 
covered  with  thin  platinum  films  by  the  method  of  sputtering 
from  a  platinum  electrode  in  a  vacuum.  Bringing  a  gage  in  con- 
tact with  the  platinum  film  causes  the  film  to  scale  off,  making 
adherence  impossible.  To  eliminate  this  difficult,  a  strip  ofthe 
platinum  a  littie  larger  than  the  gage  surface  was  removed  from 
each  plate  and  the  gage  surface  brought  into  contact  with  the 
clear  glass  surface.  The  gages  which  formed  the  separators  or 
^talons  for  the  interferometer  plates  varied  in  length  from  i  mm 
to  5  cm  and  from  0.05  to  2  inches. 
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4.  COnSTAirT-TSHraRATDSS  CHAHBBR 

Since  tlie  length  of  a  gage  varies'with  the  temperature,  it  is 
necessary  to  measure  and  specify  the  length  at  20°  C,  which  has 
been  chosen  as  the  standard  temperature  for  measuring  instru- 
ments. This  was  accomplished  by  placing  the  interferometer  in 
a  chamber  A  surrounded  by  a  thermostated  bath  previously  de- 
scribed." The  temperature  of  the  bath  was  brought  to  the 
desired  point  and  held  for  a  period  of  at  least  one-half  hour  before 
beginning  the  photographic  exposures  in  order  to  allow  the  gage 
to  assume  a  steady  state. 

5.  SPSCIROQRAFB 

Dispersing  apparatus  of  some  kind  is  required  in  order  that 
length  measurements  may  be  made  with  various  colors  or  spectral 
lines  such  as  are  emitted  by  luminous  neon  gas.  For  this  purpose 
either  a  prism  spectrograph  or  a  diffraction  grating  may  be  used, 
but  the  concave  grating  mounted  in  parallel  light  with  the  aid  of 
a  mirror  has  certain  advantages  in  stability,  achromatism,  and 
minimum  astigmatism  over  any  other  type  of  spectrograi^  which 
might  be  considered  as  suitable  for  these  measurements. 

For  most  of  the  work  the  grating  spectrograph  of  the  spectro- 
scopic laboratory  was  used.  M  is  a  speculum  concave  mirror  and 
B  a  concave  grating.  The  mirror  and  grating  each  have  a  radius 
of  curvature  of  about  640  cm.  (2 1  feet) .  The  grating  was  ruled  by 
Dr.  Anderson  and  has  39  800  lines  on  a  distance  of  13.2  cm.  (5.2 
inches).  The  linear  dispersion  at  K  with  this  apparatus  is  about 
10  A  per  millimeter  in  the  spectrum  of  the  first  order. 

6.  I>QOTO(Ht&PEIC 

'  The  spectrum  of  neon  between  the  wave  length  limits  0.58  and 
0.70  micron  (0.000023  ^^^  0.000028  inch)  was  recorded  on  Seed 
27  photographic  plates  after  staining  with  pinacyanol.'*  The 
exposure  times  ranged  from  5  to  10  minutes.  Since  the  slit  was 
illuminated  by  radiations,  each  of  which  produced  a  system  of 
interfer^ice  rings,  the  photograph  of  the  spectrum  shows  the 
images  of  the  slit  crossed  by  arcs  of  the  ring  systems.  The  diam- 
eters of  the  interference  rings  were  measured  by  means  of  a  mi- 
crometer screw  with  a  head  graduated  to  5  microns.  By  substi- 
tuting a  micrometer  eyepiece  for  the  photographic  plate  visual 
observations  could  be  made  on  the  diameters  of  monochromatic 
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fringes,  but  a  photographic  impression  of  the  interference  phe- 
nomena is  generally  to  be  pceferred. 

7.  DBTBUDHATIOn  OV  THE  ORDER  OF  nTTBRVBRBaTCB 

Neglecting  here  any  difference  in  phase  change  by  reflection  at 
the  sm^aces  (treated  in  section  9)  the  thickness  of  the  air  space 
between  the  two  interferometer  plates  is  given  by  the  equation 

(-^ 
2  (9) 

-(n  +  nOj, 

where  N  is  the  order  of  interference  at  the  center  of  the  ring  sys- 
tem, n  that  of  the  first  ring,  and  hence  n'  the  fraction  difference  in 
order  between  the  first  ring  and  the  center  of  the  system.  In 
carrying  out  the  computations  n'  is  calculated  as  the  fraction  part 
of  the  order  by  which  any  given  ring  differs  from  N.  Tha  formula 
for  calculating  this  is  given  by  Meggers  " 


8f' 


(10) 


where  d  is  the  diameter  of  any  given  ring  image,  r  the  correspond- 
ing length  of  the  image  of  a  stop  placed  across  the  slit,  and  u  the 
angle  subtended  by  this  stop  at  the  lens,  L„  which  projects  the 
ring  system  on  the  slit.  It  is  obvious  that  the  apjaTaximate  value 
of  n  obtained  by  using  the  nominal  length  of  the  gage  which  sep- 
arates the  plates  is  sufficient  for  calculattag  the  value  of  »', 

The  exact  value  of  n  is  obtained  as  follows :  If  T  be  the  nominal 
length  of  the  gage,  the  approximate  value  of  n  is,  for  any  given 
wave  length, 

2T 
«'  =  V 
From  this 

"■—87--' 

which,  together  with  «i,  gives  a  tentative  value  T^  for  the  thick- 
ness. This  value  T,  is  then  used  to  calculate  the  trial  value 
N„=n„  +  n'e  of  the  order  for  each  wave  length  used.  From  these 
approximate  values  of  n  and  the  measured  diameters  of  the' rings, 
n'  for  each  wave  length  is  obtained  by  substitution  in  (10).     We 
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now  have  two  values  for  the  fraction  part  of  the  order — one,  n', 
obtained  from  the  measured  diameter  of  the  rings,  and  the  other, 
n'o,  from  the  trial  thickness  of  the  gage.  If  these  magnitudes 
coincide  tor  the  various  wave  lengths  within  the  limits  of  experi- 
mental accuracy,  it  shows  that  «i  has  been  correctly  chosen. 
Otherwise  n,  must  be  corrected  by  soqie  whole  number,  y,  which 
may  be  determined  as  follows: 
X, 
"X 

trial  value  to  the  wave  length  being  used  to  correct  it.  Since 
changing  n,  by  the  whole  number  y  changes  N  for  a  wave  length 
X  by  Ry,  and  hence  n'  by  (i  ~R)y,  we  have  the  difference  between 
the  observed  and  calculated  values 

n'~n\  =  (i~R)y, 


This  serves  to  calculate  for  X,  a  value  t,  for  the  thickness,  which 
is  subject  only  to  the  errors  of  measurements,  not  to  the  inaccmwiy 
in  the  nominal  length  of  the  gage. 

From  this  corrected  thickness  the  order  of  the  first  ring  is  readily 
computed  for  each  wave  length.  These  values  of  n  and  the  com- 
puted fraction  »'  are  then  substituted  in  (9).  Each  wave  length 
thus  furnishes  independently  a  value  for  t,  from  which  the  mean 
value  is  finally  obtained. 

8.  CORRBCnOIT  OF  X 

The  wave  lengths  which  are  given  for  standard  conditions  of 
15°  C  and  760  mm  pressure  vary  with  changes  in  the  density  of 
the  air.  The  wave  lengths  must  therefore  be  corrected  to  the 
existing  temperature  and  presstu^  conditions.  Since  thU  correc- 
tion and  the  dispersion  of  the  air  are  small,  it  is  sufficient  to  apply 
the  correction  factor 

/  =  t^',  ffhereAtt  =  i  +  "  ■      /-^ > 

Mt  760  r 
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to  the  mean  value  of  the  thickness  (,  given  above,  to  obtain  the 
optical  thickness  i^  of  the  space  at  EF  between  the  two  platinum 
films. 

9.  CORRECnOK  FOR  TRB  TUlCKmSS  OF  THE  PLATOrmC  FILMS 

With  unplatinized  interferometer  plates  the  distance /,  (at  EF, 
Fig.  II,  between  the  two  glass  surfaces  as  computed  above  from 
measurements  of  the  rings  would  be  the  true  distance  between 
the  plates,  because  the  phase  change  of  r  due  to  the  two  air-glass 
reflections  is  eliminated  in  the  determination  of  n.  With  the 
platinized  surfaces,  however,  t,  differs  from  t^  by  a  small  correc- 
tion I  =■  (g  —  ^,  which  is  equal  to  the  thickness  of  the  films  plus  or 
minus  the  change  in  the  optical  path  due  to  the  difference  in  phase 
change  for  air-glass  and  air-platinum  reflections.  To  measure 
X,  a  glass  test  plate  is  placed  over  each  interferometer  plate  so  as 
to  cover  both  lie  clear  and  platinized  parts.  Each  gives  a  system 
of  fringes  arising  from  the  interference  between  the  front  and  back 
smiaces  of  the  thin  air  films  inclosed.  The  system  over  the  plati- 
nized area,  owing  to  the  combined  effect  of  difference  in  thickness 
of  the  air  film  and  difference  in  phase  change  by  reflection,  is  dis- 
placed (less  than  one  order)  relative  to  the  system  from  the  clear 


at  the  two  plates,  when  tested  with  the  light  in  the  same  direction 
as  under  working  conditions,  gives  the  correction  x  to  be  applied 
to  the  thickness  of  the  gage  as  calculated  in  section  8. 

10.  CORKBCnoN  FOR  NOHPARALLELISH  OF  THE  GAGE  SURFACES 

If  the  gage  surfaces  are  parallel,  the  interferometer  plates  will 
be  parallel,  and  the  length  L  of  the  gage  is 
Z,  =  /,  =  fj,-H. 

If  the  gage  surfaces  are  not  parallel,  a  correction  must  be 
appHed  tof,  to  obtain  L.  Having  the  difference  «  =  L(,—Z.d  in  the 
length  of  the  gage  along  the  two  opposite  sides  C  and  D,  Fig.  11, 
obtained  as  explained  in  section  VI,  and  making  the  distance  from 
EF  to  the  gage  at  C  equal  to  the  width  of  the  gage,  the  length 
along  C  is  obviously 


and  along  D  is 


Z-d"-/«  — 23. 
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An  illustration  of  the  method  for  making  the  computations  for 
a  25.4  mm  (i  inch)  gage  is  shown  in  Table  2.  Column  i  gives  the 
wave  lengths  used;  2,  the  measured  diameter (i  of  the  first  and 
second  rings,  respectively;  5,  the  fractional  part  n'  of  the  order  at 
the  center  of  each  ring  system ;  6,  the  order  of  interf  eroice  N  or 
ntunber  of  waves  in  the  double  distance  between  the  plates  at  the 
center  of  the  ring  N  —  n  +  n';  and  7,  the  double  optical  thickness 
of  the  air  film  or  N\. 

TABLE  2.— Computiag  Method  ks  •  29.4  nun  Gtge 
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12.  ACCmUCT  Ain>  SOURCES  Ot  ERROR 

A  comparison  of  the  values  obtained  for  the  thickness  of  the 
air  film,  Table  2,  column  7,  shows  that  the  maximum  variation  of 
t  for  the  several  wave  lengths  is  about  one  part  in  five  million 
when  using  a  i-inch  separator.  The  correction  for  the  change  in 
X  arising  from  a  change  in  density  of  the  air  is-about  one  part  in 
one  hundred  thousand.  With  the  accurate  values  of  the  refractive 
index  of  air  >•  available,  this  correction  should  not  introduce  an 
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error  of  one  part  in  ten  railKon  in  the  total  length.  The  combined 
thickness  and  phase  difference  effect  of  the  platinum  films  is 
about  0.07  micron  (0.000003  inch),  and  the  probable  error  in 
measuring  this  thickness  about  0.003  micron  (cooooooi  inch), 
which  would  introduce  an  error  in  the  value  of  the  distance  between 
the  plates  of  about  one  part  in  ten  milUcm.  Therefore,  using  a 
25  mm  (t  inch)  ^talon  and  making  measurements  with  several 
\rave  lengths,  the  value  of  the  distance  tg  between  the  glass  sur- 
faces at  EF  should  be  correct  relative  to  the  International  meter 
to  about  1  part  in  four  or  five  million. 

Transferring  this  measured  distance  to  the  gage  introduces 
the  greatest  error.  With  a  perfect  gage  and  perfectly  plane 
interferometer  plates  the  only  sources  of  error  are  the  films 
between  the  gage  surfaces  and  the  plates.  If  the  surfaces  are 
thoroughly  cleaned  and  carefully  brought  into  contact,  the 
separation  is  less  than  0.025  micron  (o.oooooi  inch) .  It  is  prob- 
able that  sUght  projections  on  the  surfaces  are  in  intimate  contact 
and  that  the  liquid  film  exists  in  the  intervening  spaces.  There- 
fore, with  carefully  controlled  conditions,  the  error  in  the  measure- 
ment of  perfect  gages  should  be  less  than  0.025  micron  (0.000001 
inch). 

In  actual  practice,  however,  most  interferometer  plates  obtain- 
able deviate  from  true  plane  by  about  0.05  micron  (0.000002 
inch),  and  the  surfaces  of  carefully  selected  gages  deviate  from 
true  plane  and  parallelism  by  about  0.13  micron  (0.000005  inch) 
on  the  average.  Therefore,  in  transferring  tg  to  the  gage  the 
error  introduced  depends  largely  upon  irapoffections  of  the  gage. 
With  carefully  selected  gages  the  errors  in  the  values  of  the  length 
along  the  C  and  D  sides  range  from  0.025  to  0.075  micron  (one  to 
three  millionths  inch) . 

The  measurements  made  on  one  of  our  standards  (i-inch,  set  7) 
shown  in  Table  3  are.  representative  of  the  values  obtained  for 
several  hundred  other  standards.  Each  value  given  is  the  result 
of  a  single  determinatioo  made  after  a  separate  assembling  of  the 
interferometer  and  adjustment  of  the  spectrograph.  The  first 
determination  of  January  11,  1921,  was  made  with  the  grating 
spectrograph  shown  to  Fig.  11.  The  second  determination  of 
that  date  was  made  with  a  different  pair  of  interferometer  plates 
and  a  prism  spectrograph. 
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Another  very  important  source  of  error  that  may  be  overlooked 
is  the  thermal  expansion  of  the  material.  A  25  mm  (i-inch) 
length  of  steel  expands  about  0.32  micron  (0.000013  inch)  per 
degree  Centigrade  rise  in  temperature.  The  gage  must  therefore 
be  held  at  the  constant  temperature  of  20"  C  within  a  few  hun- 
dredths of  a  degree.  If  the  measurements  are  made  at  any  other 
temperature,  this  must  be  accurately  measured  and  the  expan- 
sivity of  the  material  known  in  order  to  reduce  the  length  to 
standard  conditions.  We  have  found  expansion  coefiBcients 
ranging  from  o.ooooii  to  0.000013  for  gage  steels  of  various  com- 
positions, hardness,  and  previous  heat  treatment.  This  shows 
that  it  is  unsafe  to  assume  a  value  for  the  expansivity  when 
measuring  the  absolute  length  of  a  gage  of  comparing  an  unknown 
g^e  with  a  standard  at  a  temperature  that  differs  very  much 
from  20°  C. 
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In  Table  4  is  shown  the  thermal  expansion  of  several  precision 
gages.  These  measurements  were  made  with  the  interferometer 
and  electrical  furnace  previously  described-  in  our  publication  " 
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on  the  dilatation  of  optical  glass.  Column  t  gives  the  designation 
of  the  gage  under  investigation;  column  2,  the  temperature  inter- 
val; and  column  3,  the  coefficient  of  expansion. 
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Fig.  la. — Cunxi  thomng  th«  tittrmal  txpansion  of  Om  tUtlmidfoT  pncuion  gagt* 

The  composition  of  steel  B  which  is  used  for  precision  gages  at 
the  Bureau  of  Standards  is  C,  1.00  to  i.io  per  cent;  Mn,  0.30  to 
0.40  per  cent;  P,  0.025  per  cent;  S,  0.025  P^  cent;  Si,  0.20  to 
0.30  per  cent;  Cr,  1.30  to  1.50  per  cent;  balance,  Fe.  This  is 
almost  identical  with  the  compositions  that  have  been  published 
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for  the  steels  used  in  the  Johansson  and  the  Pratt  &  Whitney 
gages. 

The  thermal  expansion  of  a  gage  about  i  cm  long  and  2  cm  in 
diameter  made  from  steel  B  is  shown  in  Fig.  13.  It  was  hardened 
by  heating  to  850°  C  and  quenching  in  oil.  The  original  hardness 
was  95  as  measured  with  a  scleroscope,  and  length  was  1 1 .024  mm. 
The  sample  was  first  cooled  to  —114°  C,  the  change  in  lei^th 
being  represented  by  curve  J.  On  returning  to  room  temperature 
the  hardness  was  94.5  and  the  length  11.035  mm;  that  is,  the 
length  had  increased  12  microns  due  to  this  treatment.  After 
cooling  again  to  — 135°  C,  represented  by  curve  s,  and  returning 
to  room  temperature  the  hardness  was  94  and  length  11.035  "u^i' 
No  further  change  in  length  took  place.  The  sample  was  then 
heated  to  392°  C  and  allowed  to  cool  to  20"  C,  change  in  length 
being  represented  by  ciuve  3.  The  final  hardness  was  76  and 
length  11.004  Tiin.  This  treatment  caused  a  permanent  shorten- 
ing of  about  31  microns.  The  sample  was  then  heated  to  450°  C 
and  allowed  to  cool  to  20°  C.  The  change  in  length  is  r^resented 
by  curve  4. 

TABIB  5.— dunSM  of  L«n^  with  Taa» 
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Unless  the  material  from  which  the  standards  are  made  is 
exceedingly  stable  the  high  accuracy  of  the  length"  determination 
is  socm  lost  due  to  changes  in  the  length  with  time.  While  we 
have  found  many  steel  gages  that  retain  their  dimensions  remark- 
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ably  well,  others  have  been  found  to  change  several  microns — or 
htmdred  thousandths  of  an  inch — in  a  few  months.  A  few  exam- 
ples of  gages  that  have  undergone  changes  of  length  with  time  are 
given  in  Table  5.  The  fact  that  these  changes  may  take  place 
requires  frequent  intercomparisons  and  redetenninations  of  the 
gages  used  as  standards. 

Vni.  COMPAIUSON  OF  GAGES  WITH  STAITOARDS 

1.  COHPARISOn  OF  IXHGTH 

The  accurate  comparison  of  two  gages,  A  and  B,  Fig.  13  (front), 
of  supposedly  the  same  length,  is  made  by  the  following  method : 


r^A 


/ront  Side 

Fig.  13. — Inltrcompariton  <^  tvio  stmilar  gaga  qffg/uUtngth 

The  two  gages  are  placed  side  by  side  in  intimate  contact,  as 
described  in  V  above,  with  the  true  plane  surface  of  a  glass  plate 
W.  The  lower  surfaces  of  the  two  gages  being  in  the  same  plane, 
the  problem  is  then  simply  to  detennine  the  distance  between  the 
planes  of  the  two  upper  surfaces.  This  is  done  by  placing  a  test 
plate  T  in  contact  with  the  gages  along  the  line  CDE,  Fig.  13 
(top),  and  somewhat  inclined  to  these  surfaces.  This  gives  side 
by  side  two  thin  wedge-shaped  films.  When  illuminated  and 
viewed  as  shown  in  Figs.  3  or  9,  two  sets  of  straight  fringes  parallel 
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to  the  edge  of  the  wedge  are  seen;  see  top  view,  Fig.  13.  Since  it 
13  only  necessary  then  to  determine  the  difference  in  thickness  of 
these  films  at  some  adjacent  position,  say  K,  we  can  assume  zero 
phase  changes  at  the  surfaces  and  calculate  the  distance  at  that 
point  between  the  planes  of  the  two  gage  surfaces.  If  the  two 
gages  are  of  the  same  length,  their  upper  surfaces  will  lie  in  the 
same  plane,  so  when  we  pass  to  the  thicker  part  of  the  wedge  from 
the  line  of  contact  CDE,  the  first  fringe  ayoa  A  will  coincide  with 
the  first  fringe  on  fe,  on  B,  the  second  with  the  second,  etc. 

Consider  the  point  K,  where  there  is  coincidence  between  the 
third  fringes  on  the  two  gages.  For  perpendicular  view  the  optical 
thickness  of  the  film  at  any  point  is 
given  by  equation  (3) 


In  this  case  the  distance  t  from  the  test 


.3X 


eXK, 


'10.  14. — Initrcompamitn  of 
two  timilar  gagts  of  tligklly 
diffeTtnl_  Ungih. 


plate  to  each  gage  would  be 

which  means  that  the  gages  are  of  equal 
length. 

Suppose  the  gages  are  imequal  in 
ength,  say  B  is  shorter  than  A.  The 
test  plate  will  then  come  in  contact  with  A  at  the  point  D 
and  with  B  at  the.  point  E  and  the  fringes  appear,  as  in  Fig.  14. 
If  at  K,  we  have  the  second  fringe  over  A  coinciding  with  the 
fourth  over  B,  the  distance  at  that  point  between  the  test  plate 

and  A  is  —  and  between  the  test  plate  and  S  is  — .    Therefore, 

2X 
the  distance  between  the  planes  of  the  two  gage  surfaces  is  — .     If 

we  are  using  a  helium  lamp  for  a  source,  -  is  about  0.3  micron 

(0.000012  inch),  hence  B  is  about  0.6  micron  (0.000024  iiich) 
Sorter  than  A.  If  A  is  a  calibrated  standard,  we  immediately 
have  the  length  of  the  unknown  gage  B.  By  estimating  the  dis- 
placement of  the  fringes 'to  one  or  two  tenths  of  the  distance 
between  two  bands  measurements  of  still  greater  refinement  can 
be  made.  In  making  these  measurements  it  is  absolutely  essential 
that  the  fringes  be  viewed  with  the  Pulfrich  or  other  instruments 
(weviously  referred  to,  or  as  shown  in  Fig.  9;  that  is,  normally  to 
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the  gage  surfaces.    If  they  are  viewed  at  an  an^  to  the  perpen- 

2   P' 

so  that  an  incorrect  interpretation  of  the  distances  is  made. 

When  observing  with  the  unaided  eye,  as  shown  in  Fig.  9,  it  is 
not  advisable  to  make  comparisons  between  gages  that  differ  in 
length  by  more  than  five  or  six  wave  lengt^.  With  the  aid  of  the 
Pulfrich  instrument,  however,  comparisons  between  g^^  that 
differ  in  length  as  much  as  }4  inch  may  be  made.  With  this 
method  the  fractional  orders  n'  at  the  point  K  over  each  gage  are 
measured  for  several  different  radiations  of  heliimi  gas.  The 
orders  of  interference  N  for  each  wave  length  are  then  computed 
from  these  fractions  and  the  approximate,  distance  between  the 
test  plate  and  the  upper  surface  of  each  gage  by  the  method  de- 
scribed in  Section  VII,  which  holds  for 
straight  frii^es  as  well  as  for  Haidinger 
rings." 

The  absolute  length  of  a  gs^  is  fomid 
in  the  same  way.  Hie  g:^  is  brought 
in  contact  with  a  steel  base  plate  and 
the  thicknesses  of  the  air  columns  over 
the  gage  and  base  plate,  reflectively  are 
measm^.  The  distance  between  the 
Fra.  15.— Twf  for  paraluUtm  test  plate  and  the  base  plate  minus  the 
of  gage  lurfaca.   B  shorttr  at  distance  from  the  test  platc  to  the  gage 

GH  Oan  DE  ^^^  ^^  i^^q^  ^f  ^j^  ^^^       ^pj^^  ^^^ 

base  plate  is  used  in  order  to  eliminate  any  difference  in  phase 
losses  on  reflection.  This  method  was  used  in  calibrating  most 
of  the  end  standards  less  than  5  mm  (}4  inch)  in  length,  because 
the  operation  of  making  the  measurement  and  computations 
requires  only  about  one-third  the  time  consumed  when  using  the 
circular  fringe  method. 

2.  COMPARISOn  OF  PAIULLELISU  OF  SURFACES 
llie  test  for  parallelism  of  the  two  surfaces  of  an  unknown  gage 
B  is  made  along  with  the  length  comparison.  Assuming  that  the 
two  surfaces  of  the  standard  gage  A,  Fig.  15,  are  plane  and  parallel, 
the  test  plate  brought  in  contact  with  it  along  CD  gives  strai^t 
fringes  over  A  which  are  parallel  to  CD  and  equally  spaced.  If 
the  upper  surface  of  the  g^e  B  is  parallel  to  the  plane  of  the 
upper  surface  of  A ,  the  fringes  over  B  will  be  parallel  to  those  over 

Ptbat.  J.  <tf  Wuh.  Atad.  of  Sd„  •,  p.  >B>;  1919. 
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A  and  have  the  same  spacing.     If,  however,  the  length  of  B  at 

GH  is  less  than  at  DE,  then  the  wedge  over  B  will  be  steeper  than 

over  A  and  the  fringes  closer  together.    Therefore,  if  as  indicated 

2X 
7  fringes  are  observed  over  B  and  5  over  A,  GH  is  —  below  DE, 

or  the  gage  is  about  0.000022  inch  shorter  on  the  GH  side  than 

on  the  DE  side.    If  the  length  of  B 

at  GH  is  greater  than   at  DE,  then 

the  wedge  over  B  will  be  thinner  than 

over  A  and  the  fringes  farther  apart.    If 

the  surfaces   of   the   standard   A    are 

not    parallel,    then    to    determine    the 

true  slant  or  lack  of  parallelism  of  the 

surfaces  of  B  along  DG,  the  apparent 

slant  is  determined  as  described  above. 

Letting  Ata,  Boh,  etc.,  also  denote  the 

lengths  of  the  g^es  along  those  ddes, 

we    have    Bsb  —  Bve—s.    If  now  from 

other   sources  it    is    known    that    the 

slant  of  A  is  Ak-Acd^c,  thea  the  true  slant  of  B  is 

b-a+s,  (11) 

a,  b,  and  s  bang  positive  or  n^ative,  as  the  case  may  be. 
Suppose,  as  in  Fig.  16,  that  the  edge  GD  of  B  is  parallel  to  the 
plane  of  the  upper  surface  of  A ,  but  the 
surface  of  B  slopes  slightly,  so  that  HE 
is  above  GD.  Since  the  fringes  lie  along 
lines  of  equal  thickness  of  the  air  film, 
they  will  extend  across  B  at  an  angle  to 
those  over  A,  being  deflected  toward 
the  open  end  of  the  film  or  toward  H. 
If  HE  is  below  GD,  the  fringes  on  B  will 
be  deflected  toward  the  thin  edge  of  the 
film  or  toward  E,  as  in  Fig.   17.     If  we 

Fro.  i7.-r«(  for  paralUHm   draw  a.  line  KL  parallel  to  CE  from  the 

of  goM  nirfaca.    B  ihorUt  at    .  i.  .      *  e-  n    it      j- 

HEOanatCD  '"^  ®°°  °*  ^^y  "™g*  o^er  B,  the  dis- 

placement of  the  other  end  of  that  hinge 
from  KL  divided  by  the  distance  between  two  consecutive  fringes 
gives  the  difference  in  height  between  GD  and  HE  in  half  wave 
lengths.  This  difference  gives  the  slant  between  the  upper  surface  of 
A  and  the  upper  surface  of  B.  If  the  two  siu^aces  of  A  are  perfectly 
parallel,  it  is  also  the  slant  between  the  two  surfaces  of  B.    If  the 
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two  surfaces  of  A  are  not  parallel,  but  the  slant  Aod~Ak—c, 
using  the  same  expression  for  length  as  above,  then  the  true  slant 
of  B  is  equal  to  the  observed  apparent  slant  Bi>a~BBX  =  d  minus 
kc,  where  k  is  the  ratio  of  the  widths  of  the  gages  B  and  A;  that  is, 
f~d-kc.  (12) 

The  slant  of  the  two  surfaces  of  B  can  also  be  determined  by 
measuring  the  perpendicular  distances  between  them,  say,  at  the 
middle  points  of  all  four  edges  of  B,  by  bringing  them  successively 
.contiguous  to  A  at  the  point  K. 

When  determining  the  length  of  a  gage  or  standard  with  the 
Fulfrich  instrument,  the  fringes  over  the  gage  should  be  parallel 
to  and  equally  spaced  with  those  over  the  base  plate.  Any  devia- 
tion from  such  a  condition  signifies  that  the  gage  surfaces  are  not 
parallel,  in  which  case  the  amount  of  nonparallelism  may  be 
determined  by  the  method  just  described  on  making  a  and  c 
equal  to  zero  in  the  formulas  (11)  and  (12). 


FlO.  18. — Teit  for  rtlativt  length  of  gagtt  atii  pofaUtUsm  of  Iht  mrfacei  by  tht  iiitfrcfni*- 
pariion  4^  thrM  nmilar  gagtt 

IX.  INTBRCOMPARISOn  OF  THREE  GAGES 

The  lack  of  parallelism  of  the  two  faces  at  each  of  three  unknown 
gages,  A,  B,  and  C,  can  be  accurately  determined  and  an  inter- 
comparison  between  their  lengths  made  by  brii^ing  them  in 
contact  with  the  base  plate  two  at  a  time.  Let  A.,  B^,  C.,  Aj, 
etc.,  denote  the  lengths  of  the  gages  at  the  points  x,  y,  x,  u,  indi- 
cated in  Fig.  18,  and 


Ai^Au-A., 
Bx-B„-B,. 


Aa-A.-A,, 
Bb=B^-Bj, 
Cb-C^-Cj, 


represent,  respectively,  the  slants  of  the  gages  A,  B,  and  C  in  the 
two  perpendicular  directions  uz  and  xy.  If  the  gages  A  and  B 
are  brought  into  contact  with  the  base  plate,  so  that  Ag  and  B„, 
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Ax  and  Bx,  and  A,  and  B,  are  adjacent,  as  in  Fig.  18  Qttt)  (gage  A 
face  up  and  B  face  down),  then  one  can  make  the  comparisons 
between  the  lengths  of  the  gages: 

A„-B„=-r» 
A.-B,  =  s, 
Ax-Bx  =  l. 

and  observe  the  apparent  slant  Bx  —  Bj-=a  on  B.  Gage  B  can 
then  be  replaced  by  C  and  a  similar  comparison  made 

A.-C^=t. 
A,-C,  =  q. 
Ax  —  Ci=m, 
Ci-Cj=b  (apparent  slant) . 

Then  B  replaces  A,  so  that  B,  and  Cu,  B„  and  C,  and  B^  and  C, 
are  adjacent  (both  g^es  face  down),  Fig.  iS  (right).  The  final 
comparisons  to  be  made  are : 

B.-C„=v, 

Bu-C.=w,- 

Bx-C,=n, 

Cx~Cj=c  (apparent  slant) . 

Solving  these  twelve  equations: 

(i)  tn—l^n 

showing  that  this  method  gives  a  comparison  of  the  lengths  of  the 
gages  at  the  corresponding  x-points,  and  a  check  on  this  com- 


(2)  Aj.-r-q+w, 

=  t—s  —  v, 

BK-Al-f  +  5, 

CK~Ax.-t  +  q, 

giving  two  determinations  of  the  slant  of  each  gage  in  the  direc- 
tion «z,  the  mean  of  which  may  be  taken  as  the  true  value  with  an 
error  of  one-half  an  algebraic  combination  of  the  errors  of  the  six 
measurements. 

"Tbeaulllcttcnn 


Digitized  byGoOgle 


7IO  Scientific  Papers  of  ike  Bureau  of  Standards  iVtLir 

(3)  If  B  and  C  are  /  and  k  times  as  wide  as  A,  respectively,  then 

C  is  r  times  as  wide  as  B  and 

BB  =  a-/Aa, 
CB-b-kAs, 

Ca  =■  c  —  V  Bs, 

f(.b-c)+ak 

^' Tfh. 

Hc-b)^ch 

'"        2  h        ' 

_      *(4  +  c)-a* 

C" ^7 

If  the  gages  are  all  the  same  width,  then/ -fc=- 1  and 
.       6— c+a 

1. — —■ 


showing  that  the  error  of  each  determination  is  one-half  the  alge- 
braic combination  of  the  individual  errors.  Thus,  the  method  of 
intercompaiing  three  gages  enables  one  to  determine  easily  and 
accurately  the  relative  merits  of  each,  thdr.  planeness  errors  hav- 
ing been  previously  determined,  so  that  the  best  one  can  be 
chosen  as  a  secondary  standard  of  length  and  the  others  as  wOTking 
standards  for  use  in  the  laboratory. 

X.  DEVELOPMENT  OP  STANDARD  GAGES 

Having  established  the  fact  that  two  plane  surfaces  can  be 
brought  into  contact,  so  that  the  separation  is  less  than  two  him- 
dredths  of  a  micron  (one  millionth  of  an  inch),  and  having  the 
interference  method  for  comparing  two  gages  of  nearly  equal 
length,  it  is  posable  to  calibrate  long  gages  from  line  standards  and 
malce  comparisons  between  these  long  gages  and  equal  combina- 
tions of  two  or  more  shorter  ones.  The  arrangements  used  by 
Fischer'"  and  Perard  *'  for  comparing  a  long  end  standard  with  a 
line  standard  are  shown  in  Fig.  19.  Two  gages,  A  and  B,  are 
brought  into  close  contact,  and  two  fine  lines,  C  and  D,  are  ruled 
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on  them  parallel  to  thdr  plane  of  contact,  EF.  The  distance  X 
between  the  lines  C  and  D  is  determined  by  comparison  with  the 
line  standard.  A  is  then  brought  into  contact  with  one  surface 
of  the  long  g^e  G  which  is  to  be  calibrated  and  B  with  the  opposite 
surface  of  G.    The  distance  Y  between  the  two  lines  C  and  D  is 


~P[i 


AC  0 


Fio.  19. — CatiAf«fio«  t4  *>*<'  JlaiKfB'^  nlalivt  to  lint  itaniardt 

again  determined  by  comparison  with  the  line  standard.  The 
difference  in  the  two  distances  V-X  gives  the  length  of  the  gage 
G  in  t^ms  of  the  line  standard. 

After  the  length  of  G  has  been  accurately  determined  by  com- 
parison with  the  line  standard  or  by  direct  measm%ment  with 
the  light  waves,  combinations  of  shorter 
gages  can  be  compared  with  it  by  using       I  -r-  | 

the  interference  comparator,  as  follows: 
Suppose  G  is  6  inches  long  and  we  have 
three  gages,  A,  £,  and  C,  each  very  nearly 
3  inches  in  length.  G  is  brought  into  con- 
tact with  the  plane  base  plate  W,  Fig.  20, 
B  is  also  placed  in  contact  with  W,  and  A 
with  the  upper  surface  of  B.  The  differ- 
ence a  in  the  lengths  of  G  and  the  combi- 
nation of  A  and  B  is  obtained  from  the 
relative  displacement  of  the  interference 
fringes  as  described  in  section  VIII.  The  p 
combined  length  of  A  and  B  is  equal  to   I 


B 


l/V 


Fig.  ao.—Cot»pani 
ihori  gagtt  with  o\ 


I  of  two 
long  gag* 


that  of  G  plus  o.     In  the  same  way  the  ob- 
served difference  b  between  the  combined 
lengths  of  B  and  C  and  that  of  G  is  ob- 
tained.    Likewise  c  for  gages  C  and  A.    Letting  the  designation 
of  the  gages  also  represent  their  lengths,  we  have 

A+B'G  +  a, 

B  +  C  =  G  +  b, 

C+A-G  +  c, 
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where  G  is  the  known  length  of  the  standard  and  a,  b,  and  c  are 
measured.  These  equations  can  be  readily  solved  for  the  un- 
knowns, A,B,  and  C.  Similarly,  with  four  gages.  A,  B,  C,  and  D, 
each  nearly  2  inches  long,  we  would  have 

A  +B  +  C  =  G+a, 
B  +  C  +  D  =  G  +  b, 
C  +  D  +  A  -  G  +  c, 
D  +  A  +  B  -  G  +  d. 
Since  the  four  independent  simultaneous  equations  contain  four 
unknowns,  the  length  of  each  unknown  gage  can  be  computed. 

In  general,  given  n+  i  unknown  gages  of  nearly  equal  length,  n 
of  which  when  combined  are  nearly  equal  to  the  known  gage  G, 
there  will  be  n+i  combinatiwis 
which  may  be  compared  with  G. 
Hence,  the  length  of  each  un- 
known gage  can  be  obtained  by 
this  comparison  method.  Inter- 
mediate sizes  may  be  measured 
by  comparing  the  combined 
lengths  of  a  known  and  unknown 
gage  with  a  known. 

XI.  COMPARISON  BETWKEIT 
GAGES  AND  OTHER  OB- 
JECTS 

An  accurate  determination  of 
the  dimensions  of  any  body,  say 
a  sphere,  can  be  made  by  com- 
parison with  a  gage  of  nearly  the 
same  size.  For  this  the  gage  A  and  the  sphere  B  are  placed  in 
contact  with  the  base  plate  W,  Fig.  21,  and  the  test  plate  T  laid 
over  them.  If  B  is  slightly  smaller  than  ^4,  the  test  plate  will 
touch  the  gage  along  the  edge  E  and  the  sphere  at  the  point  C. 
When  illuminated  and  viewed  as  shown  in  Fig.  3  or  9,  straight 
fringes  parallel  to  E  will  be  seen  to  cross  the  upper  surface  of  the 
gage.     The  number  of  fringes  N  across  the  face  of  the  gage  from 

D  to  E  multiplied  by  -  gives  the  distance  between  the  cover  plate 

and  the  gage  siuface  at  D.     If  the  distance  CE  is  eqtial  to  DE, 

NX 

then  the  point  C  must  be  — ^  below  the  plane  of  the  surface  of  the 


t^ 


12 


I. — CoMpariton  of  a  sphtrt  ■wilh  c 
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NX 
gage,  and  hence  the  diameter  of  the  sphere  —  less  than  the  length 

of  the  g^e.     If  B  is  larger  than  A,  the  upper  plate  will  touch  the 

NX                                                  2N\ 
gage  aikmg  the  edge  D  and  be —  above  E.    C  would  then  be 

above  the  plane  of  the  surface  of  the  gage  and  the  diameter  ci 
B  equal  to  the  length  of  the  gage  plus  N\. 

Xn.  SUMMARY 

Hie  extensive  use  of  predsion  gages  as  reference  standards 
for  precise  mechanical  work  has  required  more  accurately  deter- 
mined end  standards  and  more  rapid  and  precise  methods  for 
comparing  gages  with  these  standards  than  have  been  previously 
available.  Since  comparison  of  end  standards  with  line  standards 
by  means  of  micrometer-microscopes  and  of  precision  gages  with 
end  standards  by  means  of  contact  instruments  are  subject  to 
appreciable  errors,  methods  which  make  use  of  the  interference  of 
hght  waves  were  used  in  making  these  measurements.  With  the 
interference  methods  described  in  this  article,  the  planeness  and 
parallelism  errors  of  precision  surfaces  can  be  measured  and 
the  length  of  standard  gages  determined  by  direct  comparison 
with  the  standard  light  waves  with  an  uncertainly  of  not  more 
than  a  few  millionths  of  an  inch.  The  eri'ors  of  other  gages  can 
be  determined  by  comparison  with  these  cahbrated  standards 
with  equal  precision.  This  process  makes  the  standard  light  waves 
which  have  been  determined  to  one  part  in  four  or  five  million 
relative  to  the  international  meter,  the  standards  of  length  for  this 
work.  Three  sets  of  g^es  each  containing  8 1  blocks  were  selected 
for  end  standards.  These  were  tested  for  surface  errors  and  cali- 
brated by  comparison  with  the  Ught  waves  and  have  been  recali- 
brated every  few  months  because  changes  with  wear  or  time  are 
known  to  occur  in  material  gages.  Large  numbers  of  precision 
gages  have  been  compared  with  these  end  standards  with  sufiSdent 
speed  and  predsion  to  meet  all  reqiairements, 

Washington,  May  3, 1921. 
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THE  SOLUBILiTY  OF  DEJCTROSE  IN  WATER 

Br  Riehud  F.  JacboD  utd  CUra  GUlit  SUtbee 


ABSTBACT  , 

The  abliibilitica  t£  dextcoac,  is  additicm  to  thdr  scicntifc  mterest,  hove  become  c£ 
ftmdaitiental  importmce  in  cootrolling  the  ptooewM  of  numufacturc.  They  have 
been  delennined  over  a  range  cf  tempera.tuica  extending  to  90"  C.  Three  aolid  phases 
aie  capable  ot  existence,  namely,  ice,  a-dextrose  laaadtydrate,  and  anhydrous  a-dez- 
troae.  Pnsn  the  freezing  pcdnt  carve,  computed  ftxHn  existing  data,  and  thesatuia- 
tion  rarre  of  deztraae  hydrate,  the  cryidiydiic  point  ms  found.  Deztrose  hydrate 
is  stable  betneoi  —$."3  C  and  50°  C;  its  stdtibility  has  a  hi^  teiiq>entiue  coefficient. 

The  transitkn  from  dextrose  hydrate  to  anhydrous  dextnMc  is  ebovm  to  occur  at 
50°  C.  Above  this  temperature  anhydrous  dextrose  is  the  solid  phase.  Its  tempera- 
ture coeffidcnt  is  relatively  small.  Below  the  tiansitian  tempetsture  the  anhydroui 
form  may  pereist  in  unstable  equilibrium,  even  at  a  temperature  as  low  as  a8°  C. 
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I.  IHTRODDCTORT 

In  very  recent  times  it  has  been  found  commercially  feasible  to 
crystallize  dextrose  from  water  solution  and  to  separate  the  crys- 
tals from  the  mother  liquor  by  centrifugal  machines  in  much  the 
same  maimer  as  tiie  corresponding  step  in  cane  sugar  manufacture 
is  carried  out.  A  similar  process'  was  attempted  about  forty 
years  ago,  but  the  eSort  resulted  in  failtire.  With  the  advent  of 
modem  machinery  and  more  scientific  methods,  however,  the 

1  Ifafcinc  crrMatttnc  dotiac;  C  B.  O.  PoDIt,  Sssv,  tt,  p.  jBsi  i«n.    I<intii«iii  PlanUr.  SI,  p.  14; 
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industry  is  at  present  being  revived  on  a  large  scale  with  every 
prospect  of  success. 

As  a  fundamental  basis  for  calculating  supersatiuution  coeffi- 
cients, for  estimating  crystallizer  performance,  and  the  more 
extended  investigatioa  of  the  effect  of  nonst^ar^  in  the  process  of 
crystallization,  the  solubility  of  the  pure  substance  in  water 
assumes  a  tedmical  as  well  as  scientific  importance.  To  serve 
these  purposes  we  have  undertaken  the  determination  of  solubihties 
over  a  wide  range  of  temperatures. 

2.  HISTORICAL 

A  survey  of  the  literature  revealed  but  one  solubiUty  measure- 
ment, and  that  at  only  one  temperature.  Anthon  *  in  1883  found 
that  at  15°  C  loopartsof  water  dissolved  81.68  parts  of  anhydrous 
dextrose,  giving  a  solutiim  of  44.96  per  cent.  Aside  from  this, 
00  data  are  in  existence.  Maquenne,*  however,  states  that  at 
100°  C  dextrose  and  water  are  misdble  in  all  proportions. 

3.  GBimUL  DESCRIPTION  OF  SOLDBIUTT  HBASURBHBNTS 

The  solubility  measurements  were  made  by  agitating  the  mix- 
ture of  dextrose  and  water  with  a  large  proportion  of  the  solid 
phase  in  a  rotating  frame  under  the  water  of  an  electrically 
operated  thermostat.  After  equilibrium  had  been  reached,  the 
solution  was  separated  from  the  crystals  and  analyzed.  The 
separation  of  the  finely  divided  crystals  from  the  viscous  saturated 
solution  was  accomplished  by  filtration  under  pressure  through 
an  asbestos  mat,  the  arrangement  of  which  is  shown  diagram- 
matically  in  Fig.  i. 

The  filtration  tube  A  was  constructed  of  glass  tubing  20  mm 
inside  diameter  with  walls  3  mm  thick.  In  this  was  inserted  the 
perforated  brass  disc  B  which  was  edged  with  lead  and  covered 
with  an  asbestos  mat.  For  temperatures  much  removed  from  that 
of  the  laboratory,  the  tran^erence  from  the  sohibility  bottk  C 
yr&s  accompUshed  as  shown  in  position  /.  The  solubility  bottle 
was  removed  from  the  rotating  frame  with  a  pair  of  tongs  and  its 
mouth  held  above  the  Uquid  of  the  thermostat  and  wiped  dry. 
A  rubber  stopper  was  inserted  which  carried  the  wide  bore  glass 
tube  D,  which  extended  nearly  to  the  bottom  of  the  bottle.  The 
glass  tube  passed  through  another  stopper  into  the  filtration  tube. 
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the  latter  being  arranged  with  respect  to  the  remaining  parts  oi 
the  apparatus  as  shown  in  position  //,  with  the  exception  of  the 
valve  G  and  brass  plate  H.  The  whole  apparatus,  with  the  excep- 
tion of  the  upper  parts  of  the  two  small  glass  tubes  E  and  F,  was 
then  immersed  in  the  water  of  the  thermostat  and  allowed  to  take 
its  temperature.  A  slight  air  paessure  transmitted  through  the 
tube  E  suffided  to  drive  the  crystal  mixture  into  the  filter  tube 
without  eVen  a  momentary  change  in  temperature. 

After  the  transference  the  upper  edge  of  the  filter  tube  A  was 
raised  above  the  surface  of  the  liquid  of  the  thermostat  and  wiped 
dry.  The  valve  G  and  stQ>per  were  inserted  in  the  filter  tube  and 
held  tightly  by  the  brass  plate  H,  which  was  held  in  place  by  the 
three  brass  posts  /.  An  ordinary  bicycle  pump  supplied  sufficient 
pressure  to  force  the  saturated  solution  through  the  asbestos  filter 
into  the  weighed  container  /,  whidi  was  finally  dried,  brought  to 
the  temperature  of  the  balance  case,  and  weighed. 

The  weighed  sample  was  transferred  to  a  wei^ied  loo  cc  volu- 
metric flask,  made  to  volume  at  20**  C  and  weighed.  The  solution 
was  allowed  to  stand  over  night  in  order  to  complete  the  mutaro- 
tation  whidi  occurs  to  some  extent  upon  dilution  of  a  concentrated 
syrup,  and  was  polarized  in  a  Bates-FriC  sacdiarimeter  at  20"  C. 
By  this  procedure  we  obtained  a  densimettic  and  polariscopic 
determination  of  the  dextrose  in  the  sample.  An  agreement  by 
these  two  methods  was  assumed  to  be  an  indication  of  the  accuracy 
of  the  analytical  work. 

For  the  normal  weight  ol  dextrose  the  valbe  32.231  g,  as-|H%- 
viously  determined  by  one  of  us,*  was  used.  The  densities  of 
dextrose  solutions  which  were  determined  incidentally  to  this  same 
investigation  were  used  as  standards.  All  analytical  results  in 
this  paper  are  expressed  in  terms  of  anhydrous  dextrose. 

4.  THE  SOLID  PHASE;  ICE 

Starting  with  the  freezing  point  of  pure  water  we  may  plot  the 
freeztug  point  curve  of  dextrose  solutions  by  .using  the  data  of 
Roth  *  for  the  more  dilute  solutions,  and  of  Abegg  *  for  the  man 
concentrated  solutions.  Abegg's  determinations  ^re  exja^ssed  in 
terms  of  volume  concentrations  at  the  freezing  point  temperatures, 
with  no  accessory  data  by  which  to  calculate  the  concentrations 
by  wei^t.     It  was  consequently  necessary  to  determine  the  densi- 
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ties  of  the  sobrthms  whidi  possessed  the  same  concentr&tions  |^ 
volume  at  the  Fes^)ective  tempemturea  as  thoAe  concerned  In  his 
&«ezmg  potttt  dtttnMtoations.  IVosuch  solutiotis  were  prepared 
and  their  dendties  at  0°  C  and  their  expansion  coeflGdenta  were 
accurately  determined.  From,  these  <^ta  their,  'densities  and 
volume  concentrations  were  computed  for  the  temperatm^s  at 
which  Ab^g's  freezing  point  determinations  were  made.  In  hoih 
cases  the  volume  concentrations  as  thus  determined  approximated 
Abegg's  very  closely,  and  a  slight  interpolation  to  his  precise  con- 
centration was  po«nble  without  appreciable  error.    The  soluttoh 

containing  1 88 .02  g  per  liter  at  —  2  ^305  C  had  a  density  1 '-^^^ —  1 

of  1.0740  and  a  wei{^t  composition  of  17.586  per  cent;  that  con- 
taining 378.0  g  per  liter  at  —  5?6o5  Chad  a  density/ —   o  „      W 

1. 1464  and  a  wei^t  composition  of  33.015  per  cent. 

The  above  data  are  plotted  in  P%.  2.  The  essential  agreement 
between  Roth's  and  Abegg's  determuiations  is  shown  by  the. 
smoothness  of  the  omnecting  curve. 

5.  THE  CRYOHTDWC  POnTC 

At  the  intersection  of  the  freezing  point  curve  with  the  extra- 
polated solubility  curve  of  hydrated  dextrose  occurs  the  crjro- 
hydric  point.  The  temperature  and  composition  as  determined 
graphieally  proved  to  be  -5?3  C  and  31.75  per  cent. 

^ce  no  solubility  measurements  were  made  below  0°  C,  the 
posstbiHty  is  not  excluded  that  a  new  solid  phase  may  be  stable 
between  o  and  -  5?3  C. 

0.  SOUD  PHASE;  a-CAiOt.^0 

At  and  above  the  cryohydric  temperature  the  stable  solid  phase 
of  the  sugar  is  the  monohydrate.  The  region  of  stability  of  this 
phase  extends  from  -  5^3  C  to  exactly  50°  C.  The  solubilities 
are  assembled  in  Table  i  and  arc  shown  grajdiically  in  Fig.  2.  As 
appears  from  the  diagram,  Anthon's  solubility  measurement  at 
15*  C  is  in  good  E^reement  with  our  curve. 

Tim  phase  on  crystalHzatiou  from  water  solution  in  general 
forms  minute  plates  of  a  histrous  silky  appearance.  The  crystals, 
however,  are  capable  of  good  development.  We  are  informed  by 
Mr.  W.  B.  Newldrk,  of  the  Com  Products  Refining  Co.,  thtft  when 
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The  temperature  coefficknt  of  the  st^ubiUty  is  very  large. 
Tbufi,  if  tlu  aolvbilkits  in  Table  i  ate  stated  in  terms  «f  Hie -parts 
of  'dcsetrose  dissohred  by  a  constant  wdght  of  miter«  it  is  seen 
tbtft  100  g  of  Tvater  disnhra,  at  ofj  C,  54.32;^  30**  C,  180.46; 
and  at  go"  C,  2143.76  g  tff  deKbPOM. 
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7.  THB  HBLTDfO  POnn  OF  DBZTROSB  HTDEUTB 

The  melting  point  erf  dextrose  hydrate  as  observed  in  a  capillary 
tube  in  the  usual  manner  has  been  fotmd  to  lie  in  the  vicinity  of 
80-90°  C,  the  values  reported  by  different  observers  *  being 
strikiiigly  at  variance  vrith  tme  another.  We  have  found  that  if 
the  capillary  containing  the  sample  is  plunged  into  the  bath  whidi 
had  previously  been  brou^t  to  about  83^  C,  incipient  fusion 
occurred,  although  it  was  found  impossible  to  obtain  reproducible 
results. 

At  its  melting  point  dextrose  hydrate  is  in  equilibrium  with  a 
solution  of  its  own  compoati(m.  In  other  words,  the  solubility  as 
thus  determined  is  90.9  per  cent  at  80-85"  C.  It  is  at  once  appar- 
ent from  Fig.  2  that  by  no  manner  of  extrapolation  can  our 
solubility  curve  of  the  hydrate  be  made  to  pass  through  this 
point,  and  tliat  the  discrepancy  is  so  great  that  some  explanation 
is  required. 

When  crystalline  dextrose  is  dissolved  in  water,  it  immediately 
undergoes  a  partial  stereochemical  tran^ormation  into  the 
^fcrm  at  a  rate  which  depends  upon  the  temperature.  All  of 
the  present  measurements  were  made  under  equilibrium  condi- 
tions, the  time  of  agitation  of  the  crystals  being  continued  until 
the  reaction, 

a-dextrose  s^a-dextrose  ?^j3-dextrose 
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had  readied  equilibrium .  The  final  solubility  is  consequently  that 
of  a-dextrose,  not  in  water,  but  in  a  solution  of  jS-dextrose.  On 
the  other  hand,  at  the  melting  point  or  the  temperature  of  incip- 
ient fusion,  the  composition  of  the  crystals  represents  the  solu- 
bility of  a-dextrose  in  water,  since  no  jS-dextrose  can  be  formed 
until  after  the  crystal  has  begun  to  fuse.  Even  after  fusion  the 
complete  transformation  to  the  equilibrium  requires  several  min- 
utes, during  which  time  the  melting  point  is  undergoing  rapid 
variation,  both  because  of  the  formation  of  the  jS-compound  and 
because  of  the  rapid  efflorescence  of  the  hydrate.  With  these  two 
disturbing  effects,  it  is  not  surprisang  that  the  melting  point  should 
fail  of  reproducibility.  It  is  now  of  interest  to  inquire  if,  on  the 
basis  of  the  above  discussion,  we  may  reconcile  our  solubility  curve 
with  the  observed  melting  point.  If  we  could  plot  the  solubility 
curve  of  a-dextrose  hydrate  in  pure  water — that  is,  the  instanta- 
neous solubility  before  mutarotation  has  begun — such  a  curve 
^ould  pass  through  the  observed  melting  point. 

On  this  curve  two  points  are  experimentally  realizable.  One 
of  these  is  the  melting  point  itself.  The  other  point  is  the  instan> 
taneous  solubility  at  o*  C.  The  possibility  of  obtaining  experi- 
mental data  at  o°  C  depends  upon  the  fact  that  the  rate  of  mutaro- 
tation is  an  important  function  of  temperature.  Thus  the  velocity 
constant  of  mutarotation  which,  expressed  in  decimal  logarithms 
and  minutes,  is  0.00662*  at  20^7  C,  becomes  about  the  order  of 
o.ooi  at  0°  C*  The  reaction  being  so  slow,  it  is  possible  to  obtain 
a  solubility  measurement  of  the  pure  a-hydrate  in  water  before 
its  transformation  has  become  considerable  by  violently  agitating 
a  large  excess  of  solid  i^ase  in  the  presence  of  its  solution  for 
short  periods  of  time.  The  mean  of  three  such  determinations 
which  were  in  agreement  within  3  per  cent  indicated  that  the  in- 
stantaneous solubility  was  17.5  per  cent. 

A  concentrated  aqueous  solution  of  dextrose  after  the  comple- 
tion of  the  mutarotation  contains  the  two  isomers'**  in  the  ratio  of 
about  40  per  cent  a-  and  60  per  cent  0-.  We  may  therefore 
from  our  solubility  measurements  make  an  approximate  calcu- 
lation of  the  solubility  of  the  a-dexttose  in  pure  aqueous  solution. 
An  example  will  suffice. 

At  20**  C  the  final  solubility  is  47.5  per  cent.  One  hundred 
grams  of  the  solution  then  contains  19.0  g  a-dextrose,  28.5  g 
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0-dextrose,  and  52.5  g  water.  We  find  llie  solubility  of  tbe 
a-form  in  pure  water  to  be  about  26.6  per  cent.  Proceeding  in 
this  way  we  may  compute  roughly  the  solubilities  of  the  ot- 
dextrose  in  pure  water,  as  shown  in  the  dotted  curve  II.  This 
curve,  which  is  obviously  little  more  than  qualitative  in  character, 
is  seen  to  be  compatible  with  the  observed  meltiug  point  of 
80-85°  c. 

S.  THE  TRANSmOH  POINT 

At  50°  C  duplicate  measuremaits  were  made  of  the  solubility 
approached  from  supersaturaticm  and  from  undersaturation,  re- 
spectively. The  solubility  proved  to  be  71.06  per  cent.  The  solid 
phases  from  which  samples  of  the  soluticm  had  been  taken  were 
rapidly  pui^ed  with  aqueous  alcohol  followed  by  ether.  They 
were  then  air  died  and  analyzed  for  their  water  content.  One  of 
these  was  completely  anhydrous;  the  other  contained  exactly  one 
molecule  of  water  of  crystallization.  Since  these  two  solid  phases 
were  in  equilibrium  with  solutions  of  the  same  composition  at  the 
same  temperature,  it  is  evident  that  the  temperatiu-e  of  50"  C  is 
the  "transition  point"  from  the  hydrated  to  the  anhydrous  crys- 
talline form,  in  the  presence  of  the  solution.  It  should,  however, 
be  remarked  that  this  is  only  a  pseudo-transition  point.  The  true 
transition  point  would  be  that  temperature  at  which  a-dextrose  is 
in  equilibrium  with  a  solution  containing  only  a-dextrose.  The 
solution  actually  contains  about  60  per  cent  of  ^-dextrose,  which 
thus  lowers  the  true  transition  point  by  a  perfectly  definite  amount. 
The  true  transition  temperature  would  be  of  so  fugitive  a  character 
that  its  measurement  not  only  would  involve  great  experimental 
difiSculties,  but  would  be  of  little  practical  significance. 

9.  THE  SOUD  PHASE;  o-C^uO, 

At  temperatures  above  50*  C  anhydrous  dextrose  becomes  the 
stable  solid  i^base.  Its  solubility  rises  in  very  nearly  linear  rela- 
tion and,  compared  with  that  of  the  hydrate,  with  a  small  tem- 
perature coefi^ent.  It  forms  hard  crystals  which  are  capable 
of  development  to  a  considerable  size.  The  solubility  measure- 
ments are  assembled  in  Table  i  and  plotted  in  Fig.  2. 

The  solubility  curve  produced  to  the  100  per  cent  ordinate 
shows  a  melting  point  for  the  anhydrous  form  below  135*  C, 
whereas  the  observed  melting  point  is  144-146°  C."    Here  again 
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die  melting  point,  as  indicated  by  extension  of  the  solubiKty 
curve,  is  that  of  the  mixture  of  a-  and  dextrose,  while  the  ob- 
sttved  is  that  of  the  pure  a-dextrose. 

Below  the  tran»tion  temperature  it  is  possible  to  maititain  the 
anhydrous  form  as  the  solid  phase  in  a  metastable  state.  We 
have  succeeded  in  extending  the  solubility  measurements  down 
to  28°  C.  Our  data  on  this  branch  of  the  curve  must  be  considered 
approximate,  since  the  experimental  difficulties  were  considerable. 

In  the  vicinity  of  100°  C  the  anhydrous  j5-dextrose  becomes  the 
stable  soUd  phase.  We  have  not  attempted  to  determine  tix 
tran^ormation  point  or  the  solutuUties.  It  is  possible  to  i»edict, 
however,  that  the  solubility  curve  of  the  ^-compound  lies  very 
close  to  the  prolongation  of  the  a;  since  their  observed  melting 
points  are  very  close  together.  The  |8-dextrose  melts  at  148°  C, 
the  a-  at  146"  C 

10.  SDMHART 

The  equilibria  in  the  system,  dextrose  and  water  have  been 
determined.  For  temperatures  below  90°  C  three  solid  phases  are 
capable  of  existence,  namely,  ice,  a-dextrose  monohydrate,  and 
anhydrous  a-dextrose.  The  freezing  point  curve  was  computed 
from  the  data  of  Roth  and  of  Abegg.  The  cryohydric  point, 
determined  graphically,  was  found  to  lie  at  the  temperature 
-5?3  C  and  concentration  31.75  per  cent  dextrose.  The  solid 
phase,  a-dextrose  monohydrate,  which  occurs  in  lustrous  plates, 
is  stable  between  —  5  ?3  C  and  50°  C.  Its  solubility  shows  a  very 
high  temperature  coefficient.  Thus,  at  o?5  C,  100  parts  of  water 
dissolve  54.32  parts;  at  50°  C,  243.76  parts  of  dextrose.  The 
observed  melting  point,  80-90°  C,  although  located  far  from  the 
extrapolated  solubility  curve,  is  shown  to  be  compatible  with  the 
measurements,  on  the  theory  that  i^dextrose  is  present  in  the 
saturated  solution  and  absent  during  a  melting  point  detenni- 
nation.  Above  the  transition  point,  50°  C,  the  anhydrous  form 
becomes  stable.  Its  solubility  shows  a  small  temperature  coeffi- 
cient. The  solubility  measurements  of  this  phase  in  metastable 
state  were  continued  down  to  28°  C. 

Washington,  January  7, 1922. 
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SPECTRA  OF  16  STARS 

B7  W.  W.  Coblentz 


ABSTRACT 

In  thja  paper  an  account  is  given  (i)  of  new  testa  ot  stellar  i&diometen,  (3)of  new 
measnrements  of  the  total  radiation  of  atara  in  the  region  ot  o  hm.  to  la  hrs.  in  rjgfat 
ascensioa,  not  previoual;  measared,  and  (3)  cf  testa  ot  a  method  of  dctcnnining  the 
spectral  energy  distribntkn  of  stars  by  menu  of  trauamisskm  screens,  which,  either 
singly  or  in  combinatica,  are  placed  in  front  of  a  vpcnum  thennocotiple  used  as  a 
radiometer. 

The  results  (Stained  verify  preriona  observatians  showing  that  red  stars  emit  three 
to  four  times  as  nnich  total  radiation  aa  blue  stajs  of  the  same  visual  magnitude. 

Bymeansof  ft  aeries  of  tnmsmisaian  screens  (of  yellow  and  red  glass,  of  water,  and  of 
a  thick  plate  erf  quartz)  wide  spectral  re^cos  were  isolated,  and  the  radiation  intensi- 
ties in  the  spectrum  from  0.3/1  to  Q.43fi,  o.43f>  to  o.6fi,  0.6ft  to  i.4fi,  1.4M  to  4,111,  and 
4.111  to  ic^  were  determined.  In  this  maimer  tiie  energy  distribntion  In  tbe  complete 
spectrum  of  i&  stars  was  determined. 

The  observed  spectral  radiation  components  were  compared  with  similar  data  com- 
puted for  a  black  body  at  varioos  temperatures.  In  this  manner  it  was  found  that  die 
temperature  iriiich  a  complete  mdiator  or  so-called  black  body  would  have  to  attain 
in  order  to  emit  a  spectral  energy  distribution  nmilar  to  that  observed  varies  from 
3000°  K.  for  red,  doss  M,  stars,  to  10  000°  K,  ot  even  hi^er,  for  blue,  class  B,  stars. 

The  water-cell  transmisaian  of  binary  atars,  having  companions  of  low  luminosity,  is 
low,  indicating  that  the  companion  stan  emit  conaderable  infra-red  radiation. 
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L  INTRODUCTORY  STATEMENT 

During  the  past  summer,  through  the  generosity  of  the  Lowell 
Observatory,  Flagstaff,  Ariz,  (altitude  7300  ft.),  the  writer  was 
given  an  opportunity  to  try  out  new  devices  f<M*  stellar  radiometry 
and  to  make  new  stellar  radiation  intensity  meastu'ements.  Not 
only  was  an  otherwise  busy  program  interrupted  but,  furtbermco^, 
Dr.  C.  O.  Lampland  personally  operated  the  telescope,  thus  in- 
swing  speed  and  efiBdency  in  accomplishing  results.  It  is  a 
pleasure  to  record  here  my  grateful  acknowledgments  for  the 
many  courtesies  extended  me  by  various  members  of  the  Lowell 
Observatory. 

lilie  whole  experience  is  an  excellent  object  lesson  in  what  may 
be  accomplished  by  physicists  and  astronomers  (or,  for  that 
matter,  by  laboratories  having  a  common  problem  but  incomplete 
apparatus)  by  combinin'g  their  forces  in  trying  out  new  devices, 
thus  saving  time  and  the  expense  that  wotdd  be  required  in  build- 
ing up  complete  equipment,  which  in  tlie  end  may  or  may  not 
prove  satisfactory. 

In  a  previous  paper '  data  were  given  on  a  comparison  of 
stellar  radiometers  and  radiometric  measurements  of  no  stars, 
using  the  Crossley  reflector  of  the  Lick  Observatory  at  Mount 
Hamilton,  Calif.,  the  altitude  being  about  4000  ft.  Quantitative 
measurements  were  made  on  stars  down  to  m{^;nitude  5.3  and 
qualitative  measurements  to  magnitude  6.7.  It  was  found  that 
red  stars  ecnit  from  2.5  to  3  times  as  much  total  radiation  as  blue 
stars  of  the  same  visual  magnitude. 

These  observations  were  verified  by  an  independent  method 
whidi  consisted  in  measuring  the  transmission  of  stellar  radiation 
through  a  I  cm  cell  of  water,  having  quartz  windows.  By  this 
means  it  was  shown  that  of  the  total  radiation  emitted  blue  stars 
have  about  2  times  as  much  visible  radiation  as  yellow  stars  and 
about  3  times  as  much  visible  radiation  as  red  stars. 

The  purpose  of  the  present  investigation  was  (i)  to  verify  pre- 
vious results,  (2)  to  measure  the  radiation  intenaties  of  the  bright 
stars  in  the  region  of  o  hrs.  to  12  hrs.  in  r^ht  ascension,  not 
previously  measured,  thus  completing  the  survey  of  the  whole 
sky  (in  this  latitude),  and  (3)  to  determine  the  fea^bility  of  the 
method  of  obtaining  the  spectral  energy  distribution  of  stars  by 
means  of  transmission  screens  which  either  singly  or  in  combination 
are  placed  in  front  of  the  vacuum  thermocouple  which  was  used 

1  Cablenti.  B.  S.  Butktln.  11,  p.  Sij;  igi*. 
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to  measure  the  thermal  radiation  intensity.  By  means  of  these 
transmpsion  screens  it  was  possible  to  obtain  for  the  first  time  an 
insight  into  the  radiation  intensities  in  the  complete  spectrum  of 
a  star. 

Data  on  the  spectral  energy  distribution  of  stars  as  related  to 
that  of  a  black  body  are  very  meager.  Ttwy  are  the  results 
practically  of  the  spectrophotometric  measurements  of  Wilsing  * 
and  of  Nordmann,*  and  the  spectral  energy  curves  determined 
photographically  by  Plaskett,*  all  of  which  relate  to  the  visible 
spectrum.  From  the  data  obtained  on  the  radiation  intensities 
in  the  viable  spectrum,  these  experimenters  have  obtained  esti- 
mates of  stellar  temperatures  of  3000°  for  red  stars  to  25  000*  or 
even  higher  for  blue  stars. 

In  view  c^  the  subject  matter  to  be  discussed  in  this  papor,  it 
is  relevant  to  recall  that  in  previous  papers  it  was  indicated  that, 
in  comparison  with  the  photoelectric  cell,  the  thennocouple  is 
far  less  sensitive  and  hence  more  hmxted  in  its  application  as  to 
the  number  of  stars  that  can  be  measured.  (Neither  instrumuit 
can  tell  us  the  size  or  distance  of  stars).  But  the  thermocouple 
enables  one  to  obtain  information  not  obtainable  by  other  instru- 
ments. Combined  with  an  absorption  cell  (of  water)  one  can 
detect  the  presence  of  dark  companions  of  binary  stars. 

This  device  gives  us  a  new  means  for  studying  planetary  radia- 
tion and  temperature  conditions.  If  the  surface  of  a  planet 
becomes  warmed  by  the  sun's  rays  and  in  turn  emits  radiation 
(which  will  be  entirely  of  long  wave  lengths),  the  amount  of 
radiation  transmitted  through  the  water  cell  will  be  less  than 
when  the  reflecting  surface  remains  cool.  Data  of  this  type 
were  previously  obtained  on  the  moon.  AppUed  to  the  planet 
Mars,  if  the  polar  cap  is  snow  then  the  transmission  of  reflected 
sunlig^  should  be  higher  than  that  observed  from  the  dark 
areas,  if  the  latter  are  bare  ground.  On  the  other  hand,  if  the 
dark  areas  contain  green  vegetation  (similar  to  that  of  our  earth) 
the  temperature  rise  will  be  small,  the  wat^-cell  transmission 
will  be  high,  and  the  results  may  be  difficult  of  interpretation. 

n.  APPARATUS  AITD  METHODS 

Under  the  present  caption  is  given  a  recapitulation  of  results 
obtained  in  the  improvement  of  stellar  radiometers  as  well  as  a 
general  description  of  the  instruments  used  in  the  present  work. 

■WIWDr.  Scbdner,  and  UBodi,  PubL  Aitniphyi.  Obi.,  FDUdno,  M,  No.  741  i»b. 
•HnrdsiBta  uid  Lellsmn.  C.  K..  171.  p.  ;■;  i«>i. 
•FliActt.  UontUy  Nodct*.  R.  A.  S..  W.  n.  m;  ■»«■ 
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1.  SDBSmURT  raVESTIGAnOHS  IIT  STEUUR  RADIOHBTRT 

At  various  times  during  the  seven  years  which  have,  elapsed 
since  making  the  p^vious  stellar  radiation  measurements  atten- 
tion was  given  to  the  improvement  of  stellar  radiometers.  A 
study  was  made  of  m^netic  shielding,  and  of  some  of  the  -proh- 
lems  that  will  be  encountered  in  using  a  vacuum  galvanometer.* 
'  An  investigation  was  made  of  selective  radiometers  (photo- 
electric cells).  A  new  multiple  bolometer  receiver  was  described, 
consisting  of  two  bolometer  receivers,  one  back  of  the  other, 
which  increased  the  sensitivity  by  50  per  cent.  A  new  combina- 
tion was  described,  con^sting  of  a  bolometer,  back  of  which  was 
placed  a  thermocouple.*  These  devices  will  aid  materially  in  in- 
creasing the  sensitivity.  However,  owing  to  the  complexity  of 
operation,  no  attempt  was  made  to  utilize  them  in  a  temporary 
installation  such  as  was  used  in  the  present  work.  In  fact,  owing 
to  the  temporary  nature  of  the  present  radiometric  installation, 
it  was  not  possible  to  use  the  full  senshivity  that  was  available  in 
the  equipment  employed. 

Among  the  photoelectric  receivers.  Case's  thalofide  cell  was  in- 
vest^ted.'  This  cell  has  a  sharp  maximum  of  sensitivity  for 
radiation  of  wave  lengths  at  about  i^,  which  property  may  prove 
of  interest  in  some  lines  of  stellar  radiometry. 

2.  RBCEHT  TBSTS  OF  THERHOCOnPLB  HATSUAL 

Before  making  up  the  vacuum  thermocouples  for  the  present 
investigation  it  was  of  interest  to  try  material  of  different  thermo- 
electric power  to  determine  the  effect  of  heat  conduction  uptm 
the  radiation  sensitivity.  Some  material  of  great  ductility 'but 
low  thermoelectric  power  was  obtainable  in  much  smaller  diame- 
ters than  the  wires  of  bismuth  and  bismuth  alloys  previously  used. 
It  was  therefore  of  interest  to  determine  whether  by  using  the 
finest  wire  to  reduce  conduction,  and  thus  conserve  the  heat  at 
the  juncture,  the  efficiency  of  the  receiver  could  be  increased. 
In  making  the  test  samples  of  various  metals  were  joined  in 
series,  thus  eliminating  the  question  of  internal  resistance,  which 
remained  the  same  throughout  the  test. 

The  materials  tested  were  connected  in  series  as  follows:  60  Au 
+4oPd:9oPt  +  ioRh:Bi:95Bi-i-5Sn:97  Bi+3  Sb:  90  Pt+io 
Rh.     The  gold-palladium  and  the  platinum-rhodium  alloy  wires  • 

•  B.  S.  Bunnln.  U,  p.  411:  IVI6. 
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were  0.03  mm  in  diameter.  The  alloys  of  bismuth-tin  and  bismuth- 
antimony  were  in  the  f onn  of  fine  wire  *,  0.025  "ini  in  diameter. 

The  pure  bismuth  was  in  the  form  of  a  strip  made  by  pressing 
a  wire  flat  between  glass  plates  and  cutting  it  with  a  razor,  as 
described  in  the  previous  paper."  The  strip  was  approximately 
0.07  mm  wide  by  0.01  to  0.02  mm  thickness.  From  previous  tests 
it  appears  that  the  low  radiation  sensitivity  of  this  sample  (see 
Table  1}  was  owing  to  its  large  cross  section.  Mra^over  the 
receiver  did  not  appear  to  be  thoroughly  covered  with  lampblack. 
The  receivers  were  about  0.5  mm  in  diameter,  made  of  small 
globules  of  tin  (or  Woods  alloy  for  the  bismuth  alloys) ,  i»?essed  flat 
(while  molten)  between  thin  plates  of  mica,  as  described  in  previous 
papa?,  and  painted  with  lampblack. 

The  radiation  sensitivity  test  was  made  in  air  by  focusing  upon 
the  receiver  an  artificial  star,  which  condsted  of  a  pinhole  in  a 
thin  aluminum  plate  in  front  of  an  acetylene  flame. 

The  results  of  this  test  are  summarized  in  Table  1,  in  which 
coliunn  2  gives  the  thermoelectric  power  in  microvolts,  column 
3  gives  the  ratio  of  the  emf's,  and  column  4  gives  the  ratio  of 
galvanometer  deflections  in  terms  of  that  of  the  thermojunction 
of  Au+Pd  :  Pt+Rh,  taken  as  a  standard. 

TABLB  1. — CompariMn  of  SteOar  ThenncNsonplN 
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The  results  are  interesting  in  showing  tiiat  the  radiation  sensi- 
tivity is  closely  proportional  to  the  thermoelectric  power  (which  is 
to  be  expected),  but  there  seems  to  be  no  marked  gain  in  sensitivity 
from  reduction  of  thermal  conduction.  In  the  case  of  the  pure 
bismuth  the  wire  was  not  as  thin  as  it  could  be  made,  and  hence 
there  is  reason  for  believing  that  the  efficiency  would  have  been 
higher  if  a  finer  wire  had  been  used.  The  thermocouples  of  the 
bismuth-alloy  wire  are  interesting  in  having  a  radiation  sensitivity 
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about  20  per  cent  h^her  than  would  be  expected  from  the  thermo- 
electric power.  This  seems  to  show  an  improvement  in  sensitivity 
as  a  result  of  elimination  of  heat  conduction.  However,  there  is 
one  more  factor  to  be  considered,  namely,  internal  resistance.  In 
changing  from  pure  bismuth  to  the  bismuth  alloys  the  thermal  emf 
is  increased  only  about  60  per  cent,  whereas  the  internal  resistance 
is  increased  threefold  to  fourfold.  Hence,  from  the  nature  of 
the  thermocouple  required  for  stellar  radiometry  it  appears  to  be 
more  efficient  to  use  the  pure  bismuth  wire.  This  conclusion  is 
aibstantiated  by  the  tests  described  in  previous  papers  and  by  the 
results  on  the  thermocouples  used  in  the  present  investigation. 
For  example,  the  data  in  Table  2  show  tiiat  the  stellar  thermo- 
couple of  Au  +  Pd  alloy  in  mounting  No.  10  (evacuated  and  ready 
for  use)  was  only  half  as  sensitive  as  the  thermocouple  of  Bi  in 
mounting  No.  7,  which  was  used  seven  years  ago.  Furthermore, 
the  radiation  sensitivity  of  the  thermocouples  of  the  alloys  of  Bi 
is  not  markedly  higher  than  that  of  the  pure  Bi,  although  they  have 
a  57  per  cent  higher  thermoelectric  power. 

In  a  recent  test  of  a  tiiermocouple  of  silver  and  0.13  mm  tellu- 
rium (from  Dr.  P.  W.  Bridgeman)  against  a  similar  couple  of  o.i 
mm  bismuth  (receivers  of  tin  1.2  by  2.2  mm)  the  radiation  sensi- 
tivity of  the  tellurium-silver  couple  was  otily  twice  that  of  the 
standard  bismuth-silver  couple,  whereas  its  resistance  was  more 
than  10  times  that  of  the  bismuth  couple. 

In  view  of  the  results  mentioned  on  a  preceding  page,  showing 
an  increased  radiometer  efficiency  as  a  result  of  utilizing  reradia- 
tion  of  one  receiver  upon  another  (one  receiver  back  of  the  other), 
it  is  of  interest  to  describe  some  observations  showing  the  effect 
of  convection  in  reducing  the  radiation  sensitivity  when  one 
receiver  is  back  of  the  other. 

In  the  present  tests  a  regular  stellar  thermocouple  was  used, 
with  receivers  (0.5  mm  in  diameter)  blackened  on  the  front  and 
br^ht  on  the  rear  side.  The  left  (L)  receiver,  which  was  used  as 
a  standard  of  comparison,  was  a  trifle  larger  than  the  right  {R) 
receiver,  which  was  under  investigation.  A  reflector  consisting  of 
a  small  globule  of  tin  attached  to  a  fine  wire  for  a  support  and 
pressed  flat  (0.5  mm  diameter)  but  unpainted  was  placed  at  dif- 
ferent distances  back  of  the  right  {R)  receiver.  The  tests  Vitxc 
made  in  air  at  atmospheric  pressure.  In  a  vacuum  convection  and 
conduction  would  be  reduced.  It  was  found  that  when  the 
reflector  was  0.5  mm  from  the  receiver  the  radiation  sensitivity 
was  reduced  by  30  per  cent,  while  at  a  distance  of  i  mm  the 
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reduction  in  sensitivity  is  still  appreciable  (15  per  cent).  The 
intention  was  to  paint  the  rear  side  of  the  front  receiver  (which, 
bowever,  would  increase  its  emisstvity)  with  lampblack  in  order 
to  absorb  the  reradiated  energy  which  was  returned  by  the 
reflector,  placed  back  of  the  receiver  as  just  described.  However, 
from  the  tests  just  described  it  seemed  doubtful  whether,  in  this 
particular  fotm  of  radiometer,  the  addition  of  a  reflector  to  utilize 
tl}e  reradiated  enei^  would  accomplish  much  more  than  to  com- 
pensate for  the  increased  emissivity  caused  by  blackening  the  rear 
side  of  the  receiver.  Hence  the  receivers  were  used  without 
reflectors. 


The  vacuum  containers  for  the  thermocouples  were  of  the  same 
general  design  used  in  the  previous  work.  Four  containers  were 
taken  to  the  observatory,  a  distance  of  2500  miles,  without  break- 
age. No  vacuum  pump  was  taken  (and  none  was  available  with- 
out going  a  long  distance  from  the  observatory)  in  order  to  demon- 
strate that  metallic  calcium  is  a  reliable  means  of  vacuum  main- 
tenance." 

An  electric  heater  was  provided  for  beating  the  metallic  calcium 
to  incandescence.  It  consisted  of  a  thin  porcelain  tube  about 
10  cm  long  and  1.5  cm  internal  diameter.  On  the  outside  of  this 
tube  was  wound  about  2  m  of  thin  (0.2  mm)  platinum  wire,  having 
a  resistance  of  12  ohms.  This  was  covered  with  alimdum  cement, 
such  as  is  used  in  pyrometric  work.  A  small  rbsostat  was  pro- 
vided and  the  whole  operated  on  a  i  lo-volt  circuit.  It  required 
less  than  2  amperes  to  raise  this  heater  to  a  low  red  temperature, 
and  being  of  low  heat  capacity  this  was  accomplished  in  a  few 
minutes. 

The  evacuation  was  tested  by  means  of  an  induction  coil  as 
previously  described.  The  containers  leaked  but  little,  as  was 
evidenced  by  the  cathode  fluorescence  of  the  glass  that  continued 
for  days  when  the  calcium  was  not  heated.  In  practice,  the 
calcium  evacuator  was  heated  on  the  afternoon  preceding  the 
observations. 

Container  No.  7  remained  the  same  as  used  in  the  previous 
measurements,  except  that  about  two  years  ago  a  new  quartz 
tube    containing    new    metallic   f:alcium    was    provided."    The 
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thermocouples  were  of  flat  material  as  described  in  the  previous 
paper. 

Container  No.  8  was  No.  6,  previoudy  used,  but  with  new 
thermocouples  (see  Table  2). 

Containers  Nos.  9  and  10  were  new  with  the  fluorite  windows 
attached  by  means  of  Boltwood's  "  low  vapor  pressure  cement. 
This  cement  has  a  low  melting  point  \riiich  enables  one  to  attach 
the  fluorite  without  cracking  it. 

The  mounted  container  is  shown  in  Fig.  i,  in  which  Ca  repre- 
sents the  quartz  tube  containing  the  metallic  calcium,  F  the 
fluorite  window,  T  the  thermopile,  and  P  the  potential  terminals 
for  testing  the  evacuation  by  means  of  an  inducticm  coil,  auto- 
mobile  spark  coil,  or  a  transftntaer  of  2000  to  lo  000  volts.  For 
further  details  of  construction  and  manipulation  the  reader  is 
referred  to  previous  papers." 

Two  thermocouples  were  placed  in  each  of  the  three  new  mount- 
ings. Either  one  of  these  could  be  used  without  delay  in  changing 
the  connections.  As  shown  in  the  lower  left-hand  comer  of  Fig.  4 
these  thermocouples  were  bent  U-sbaped,  so  that  the  two  jimctures 
were  close  (0.5  to  i  mm)  together,  in  order  to  facilitate  exposing 
them  alternately  to  the  star  ima^G,  as  previously  described." 
Only  fine  wires  of  the  alloys  of  bismuth  (with  tin  and  with  anti- 
mony) were  at  hand,  and  these  were  very  brittle,  especially  the 
alloys  with  antimony.  Furthermore,  difficulty  was  experienced 
in  attempting  to  solder  the  Bi  +  Sb  wire  to  the  silver  wire  (used  to 
reduce  the  resistance)  with  Wood's  alloy.  As  finally  constructed 
the  central  U-shaped  part  of  the  thermocouple  was  made  of 
Bi  +  Sb  wire  about  2  mm  long  and  the  two  end  pieces  of  Bi  -I-  Sn 
wire  about  1.5  mm  long.  The  junctures  were  made  by  means  of 
globules'of  Wood's  alloy,  pressed  fiat  between  thin  plates  of  mica, 
as  already  described.  These  couples  were  then  soldered  to  the 
silver  wires,  which  were  coiled  to  take  up  any  mechanical  vibra- 
tions caused  by  handling.  Even  with  this  precaution  mounting 
No.  8  had  to  be  remade  fom-  times,  involving  the  construction  of 
at  least  20  thermocouples  before  a  pair  was  obtained  for  shipment. 
It  may  be  added  that  this  material  was  so  fra^le  that  the  recep- 
tacle containing  the  four  mountings  was  carried  by  hand  to  the 
observing  station. 

"  B.  S.  BuUetin,  II.  p.  iji.  1*14;  11.  p.  6iy,  1913. 
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Fig.  I — Stellar  thermocouple,  T,  in  evacuated  glass 
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A  summary  of  tlie  constants,  including  the  radiation  sensitivity, 
of  the  (freshly  evacuated)  thermocouples  is  given  in  Table  2. 
They  are  of  interest  in  showing  the  unifonnity  of  radiation  sensi- 
tivity that  may  be  expected  in  thennocouples  constructed  of  the 
same  material.  The  receivers  were  made  0.5  mm  in  diameter, 
which  was  larger  than  previously  used,  thinking  it  might  be  more 
efficient  in  case  of  change  in  focus  of  the  star  image.  But  this 
proved  detrimental,  because  the  time  to  attain  a  maximum 
deflection  was  greatly  prolonged.  Receiver  No.  i  of  mounting 
No.  10  was  the  quickest  acting  (2  sees.)  of  the  U-shaped  couples, 
and  it  Was  used  for  all  the  measurements  recorded  in  this  paper. 

TABLB  2^-StanBiU7  «f  Dali  on  Stollar  lltcniiocoivlM 
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4.  DSSCRIPTIOH  OF  THE  TRAHSMISSIOn  SCREENS 

The  function  of  the  screens  is  to  transmit  radiation  extending 
over  fairly  narrow  regions  of  the  spectrum.  By  means  of  such 
screens,  which,  either  singly  or  in  combination,  are  placed  in  front 
of  the  thermocouples,  one  can  obtain  some  idea  of  the  spectral 
energy  distribution  of  stars.  Screens  were  selected  which  had 
a  uniformly  high  transmission  over  a  fairly  narrow  region  of  the 
spectrum,  tenmnating  abruptly  in  complete  opacity  in  the  rest 
of  the  spectrum.  By  proceeding  in  this  manner  no  correction 
was  necessary  to  the  observatrons  other  than  that  for  siulace 
reflection,  which  amounts  to  about  9  per  cent  for  the  two  surfaces 
of  the  screen.  A  slight  amomit  of  dust  will  raise  the  reflection 
losses  to  10  per  cent,  or  even  higher.  The  screens  selected  have 
the  following  properties : 

Fluorite,  which  was  used  as  the  window  of  the  vacuum  con- 
tainer, transmits  uniformly  all  radiations  from  the  extreme 
ultra-violet  to  10^  in  the  infra-red. 
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Quartz,  thickness  4.77  nun,  is  transparent  to  all  radiations 
from  the  extreme  ultra-violet  to  4.1/1  in  the  infra-red  (see  curve  A, 
Fig.  2).  This  gives  the  spectral  radiation  extending  from  0.3/1 
to  4.1/1 

Watbr,  thickness  i  cm^  in  a  cell  containing  thin  quartz  windows, 
is  transparent  from  the  extreme  ultra-violet  to  14/1  in  the  infra- 


Via.a.^Tmmmis*ioncuTv§ti^tcneiu:  A.quarii;  B.redglait;  C,  bhu-p^U gbt$ 

red  (see  curve  C,  Fig.  3).  Used  as  a  screen  this  gives  the  spectral 
radiation  between  0.3/1  and  i  .4/1. 

Yellow  Glass,  Schott's  Jena  3560,  thickness  2.97  mm,  is 
opaqi^  to  radiations  of  wave  lengtlis  less  than  0.43/1  (see  curve  A, 
Fig.  3).  The  infra-red  transmission  is  not  very  abrupt.  Hence 
it  was  used  in  combination  with  the  water  cell,  giving  the  spectral 
radiation  between  0.43/1  and  1.4/1. 

Red  Glass,  Schott's  Jena  4513,  thickness  1.97  mm,  is  opaque 
to  radiations  of  wave  lengths  less  than  0.6/1  (see  curve  B,  Fig.  2). 
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It  was  used  in  combinatioii  with  the  water  cell,  giving  the  spectral 
radiation  between  o.6;t  and  i  .41*.  The  difference  between  the  gal- 
vanometer deflection  wh^i  the  water  cell  is  interposed  and  when 
the  water  cell  plus  the  red  glass  are  interposed  (corrected  for 
reflection)  gives  the  radiation  in  the  spectral  region  from  0.3^  to 
0.6^.     SimilaTly,  •the  difference  between  the  galvanometer  deflec- 


M.-  A,  yellow  glasi;  B,pynKgUus:  C,  ■water,  I  cm 


tion  for  the  water  cell  plus  yellow  glass  and  the  deflection  for  the 
water  cell  plus  red  glass  represents  the  spectral  radiation  between 
0.43^  and  0.60A. 

Pyrex  Glass,  Coming,  thickness  J.19  cm,  terminates  very 
abruptly  in  its  transmission  at  2.8/»  (see  curve  B,  Fig.  3) .  How- 
ever, the  sample  used  contained  striae  and  it  was  used  in  the 
measurements  of  the  radiation  from  only  one  star. 
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Blub-Pukplb-Ultra  Glass,  Corning,  G  585,  thidaiess3.i5  nun, 
when  used  in  combination  with  the  water  cell  gives  the  radiation 
in  two  high  narrow  transmission  bands,  at  0.36^  and  0.83^, 
respectively  (see  curve  C,  Fig.  2).  Using  in  addition  the  above- 
mentioned  red  or  yellow  glass,  the  radiation  in  the  spectral  ngion 
from  0.7/1  to  nn  is  obtained.  Hence,  by  proper  comlMnation  of 
the  data  one  can  obtain  the  radiation  intensities  between  0.6/t  and 
0.7/1  and  between  0.3/1  and  o.4m>  Owing  to  a  constant  change  in 
galvanometer  sensitivity,  which  required  so  mtich  time  in  repeat- 
ing observations  when  using  the  various  screens,  this  blue-purple 
screen  was  used  in  only  one  series  of  measurements  of  stellar 
radiation. 

By  means  of  these  screens  it  was  possible  to  obtain  the  radiation 
intensity  in  the  spectrum  from  the  extreme  ultra-violet  (which 
is  limited  by  atmospheric  transmission  and  the  low  reflectivity  of 
the  mirrors)  at  0.3/1  to  0.43/1,  0.43/1  to  0.60/1,  0.60/1  to  1.4^,  1.4^  to 
4.1/1,  and  4.1/1  to  lo/i. 

These  screens,  which  were  in  the  form  of  disks  25  mm  in  diame- 
ter, were  mounted  in  brass  supports,  which  in  turn  were  moimted 
upon  brass  rods  and  sleeves,  as  shown  in  Fig.  4.  Each  rod  and 
sleeve  could  be  rotated  independently  by  means  of  a  lever.  In 
this  manner  the  various  screens  could  be  interposed  (either  singly 
or  in  combination)  in  the  optical  path. 

In  F^.  4  the  vacuum  thermocouple  mounting  of  Fig.  i  is 
shown  in  its  holder.  The  small  eyepiece  to  the  right  is  for  setting 
the  tfaermojunction  on  the  star  image.  The  incandescent  lamp 
is  for  illuminating  the  levers  when  operating  the  transmission 
screens.  The  whole  mounting  takes  the  place  of  the  plate  holder 
in  the  telescope,  and  it  required  only  a  few  minutes  to  interchange 
it  with  the  plate  holder. 


The  telescope  used  in  this  investigation  was  the  40-in.  (100  cm) 
reflector  of  the  Lowell  Observatory,  which  is  at  an  elevation  of 
7300  ft.  The  focal  length  is  221  in.  (550  cm).  Thra^  is  a 
diagonal  mirror  which  reflects  the  star  image  to  the  side  of  the 
tube.  The  mirrors  were  newly  silvered  and  in  an  excelloit 
condition.  The  elevation  being  almost  twice  that  of  the  station 
previously  used,  atmospheric  scattering  and  absorption  should 
be  appreciably  reduced.  At  this  station  there  is  a  rainy  season 
during  two  of  the  summer  months,  and  this  summer  the  cloudiness 
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continued  longer  than  usual,  thus  encroaching  upon  the  time  set 
for  making  tie  experiments.  For  this  reason  the  observations 
were  not  made  under  such  ideal  conditions  from  night  to  night 
as  was  hoped.  However,  observations  made  on  the  same  night 
are  consistent  in  showing  small  gradations  in  the  infra-red  com- 
ponent radiation,  corresponding  with  the  small  gradations  in 
spectral  types  (for  example,  B2  and  B8}  of  stars.  There  are 
apparently  s%ht  inconsistencies  in  the  water  cell  transmissions  in 
comparing  class  B  and  class  A  stars.  While  this  may  really  be 
true,  and  perhaps  is  to  be  expected,  further  observations  will  be 
necessary  to  decide  this  question.  This  form  of  stellar  radiometer 
is  very  sensitive  to  slight  changes  in  atmospheric  transparency 
which  are  scarcely  perceptible  to  the  eye  of  even  an  experienced 
astronomer. 

m.    MEASUREMENT   OF  THE  TOTAL  RADIATION  FROM 
STARS 

The  method  of  observation  consisted  in  projecting  the  star 
image  alternately  upon  the  two  junctures  of  the  thermocouple 
by  turning  the  slow  motion  screws  of  the  plate  holder  and  noting 
the  change  in  the  galvanometer  deflection  as  observed  with  the 
telescope  scale,  which  was  at  a  distance  of  2  m. 

In  the  present  investigation  the  total  radiation  measurements 
seemed  of  little  interest.  They  constitute  the  measurements 
made  without  the  transmission  screens,  and  they  are  given  in 
Table  3.  The  size  of  the  deflections  are  of  the  same  order  as 
previously  observed,  verifying  previous  conclusions  that  red  stars 
emit  far  m(K%  total  radiation  than  blue  stars  of  the  same  visual 
magnitude.  For  example,  the  observations  of  October  6  show 
that  n  Geminorum  emits  about  four  times  as  mtu:h  total  radiation 
as  <  Geminorum,  which  has  the  same  visual  magnitude. 

The  great  difference  in  the  total  radiation  from  stars  is  well 
illustrated  in  Table  4,  which  gives  a  comparison  of  the  total 
radiation  from  groups  of  stars  having  closely  the  same  visual 
magnitude. 

Observations  of  total  radiation  were  made  on  13  stars  not  pre- 
viously observed,  ^ce  consulerable  time  was  required  to  com- 
plete a  series  of  observations  in  order  to  determine  the  spectral  ra- 
diation, no  attempt  was  made  to  observe  faint  stars. 
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By  increasing  the  sensitivity — say,  5  times — thus  obtaining  de- 
flections of  15  to  20  mm  instead  of  3  to  5  mm  as  previously  ob- 
served, it  will  be  possible  to  determine  the  spectral  energy  distribu- 
tion of  a  large  number  of  stars  which  could  not  be  measured  accu- 
rately with  the  .present  temporary  radiometric 'installation.  As 
already  explained,  the  present  apparatus  was  hastily  assembled  to 
try  out  a  specific  problem,  and  advantage  could  not  be  taken  of 
the  full  sensitivity  available. 

The  measurements  of  the  total  radiation,  and  of  the  transmission 
through  the  water  cell  are  given  jn  columns  7  and  9,  respectively^ 
of  Table  5.  The  latter  are  the  ratio  of  the  observed  galvanometer 
deflections  without  correction  for  losses  by  reflection,  etc.    The 
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numerical  values  are  somewhat  higher  than  previously  observed. 
They  would  be  still  higher  for  blue  stars  if  a  correction  were  made 
for  absorption  by  the  silver  mirrors. 

f  the  Toti]  lUdiatioa  from  Stua  HtTing  Closely  ttw  Same 
Vteatl  Mafnltode 
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IV.  MEASTTREMSNT  OF  THE  SPECTRAI*  RADIATION  OF  16 

STARS 

Under  this  caption  are  gathered  all  the  observations  of  tiie 
spectral  radiation  measurements  on  i6  stars  and  various  com- 
ments relating  tiiereto.  A  typical  example  of  the  spectral 
component  radiaticm  data  is  given  in  Table  5,  tabulated  as  follows: 
Column  r  gives  the  range  of  the  spectrum  transmitted  by  the 
various  transmission  screens  used  on  a  particular  star;  column 
2  gives  lie  observed  galvanometer  deflections,  corrected  for 
losses  (9  per  cent)  by  reflection  from  the  surfaces  of  the  transmis- 
sion screens;  column  4  gives  the  "reduced  deflection"  obtained 
from  column  2,  arranged  in  consecutive  order  in  the  spectral  ranges 
given  in  column  3.  After  applying  a  correction  for  absMption 
by  the  two  silvered  mirrors,  column  5,  and  an  additional  correc- 
tion for  atmospheric  absorption  (entirely  uncertain  at  4  to  lOju), 
column  6,  the  data  in  the  various  spectral  regions  are  calculated 
in  per  cent  of  the  total  radiation,  columns  7  and  8.  Finally,  in 
column  9  are  given  the  calcidated  spectral  components  in  percent- 
age of  the  total  radiation  emitted  by  a  black  body  at  the  tempera- 
ture indicated  at  the  top  of  the  column.  For  this  purpose  tiie 
constant  C,  =  14  320  was  used.  The  calculated  spectral  energy 
curve,  for,  say,  3000°  K,  was  drawn  to  a  large  scale  on  cross- 
section  paper.  Similar  curves  were  drawn  after  applying  the 
spectral  transmission  data  of  the  various  screens. 


Digitized  byGoOgle 


740  Scientific  Papers  of  the  Bureau  oj  Standards  ivati? 

TABIS  5.— Spectnl  CMBpMwnt  Radiatlao  Data  of  fi  Orioois  (Rigtl} 
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The  areas  of  these  curves  are  proportional  to  tie  radiation 
transmitted  by  the  screens.  Hence  a  comparison  can  be  made 
between  the  computed  and  observed  data.  Since  atmospheric 
absorption  terminates  the  spectrum  at  o.$fi,  the  calculated  spec- 
tral energy  curves  were  similarly  terminated  at  0.$!*.  This  has 
no  effect  upon  the  spectral  energy  curves  at  3000°  K-  But  for 
temperatures  of  8000  to  10  000°  E  an  appreciable  amount  of  the 
calculated  energy  lies  at  wave  lengths  less  than  0.3^4. 

The  data  herewith  presented  represent  spectral  enexgy  curves 
of  stars  as  observed  at  an  altitude  of  7300  ft  (2250  m.).  In 
view  of  the  preliminary  nature  of  the  measurements,  sufficient 
time  was  not  available  to  work  out  fine  corrections  ior  atmos- 
pheric absorption  pertaining  to  the  particular  screens  used,  and 
thus  obtain  a  more  aomrate  enei^  distribution  of  stars  as  it  is 
outside  the  earth's  atmosphere.  In  the  case  of  the  Sun,  in  spite 
of  numerous  attempts,  it  has  not  been  possible**  to  work  out 
satisfactorily  the  relative  spectral  energy  distribution  as  it  is 
outside  the  atmo^ere,  and  it -would  be  even  more  difficult  fen: 
blue  stars  in  which  the  maximum  radiation  intensity  lies  in  the 
ultra-violet.  Since  air  is  opaque  to  radiation  of  wave  lengths 
less  than  about  0.29^,  it  is  not  known  whether  radiation  of  wave 
lengths  less  than  0.29;*  is  emitted  by  stars. 

1.  SIW:TRAL  BIfBRGT  DATA  OH  16  STARS 

The  spectral  radiation  components  are  given  in  Table  6.  The 
data  are  arranged  according  to  spectral  class,  the  date  of  observa- 
tion being  given  in  Table  3.  Comments  on  special  features  of 
these  observations  are  made  under  separate  captions. 
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In  coraparing  the  observed  with  the  calculated  spectral  compo- 
nents no  attempt  is  made  to  obtain  ^^reement  in  the  ultra-violet 
{o.3;i  to  o.43>i)  and  the  extreme  infra-red  (4.1^10  io;i).  In  a  few 
cases  where  the  calculated  and  the  computed  data  are  not  very 
close,  the  temperature  is  arrived  at  from  a  consideration  of  the 
ratio  of  intensities  of  the  spectral  ranges  0.43/1:0.6;!  and  o.6fi: 
i.4;i  or  i.4#:  4.1ft. 

In  some  cases  the  observed  ultra-violet  component  is  extremely 
large  in  comparison  with  the  calculated  value;  for  example, 
ft  Geminorum,  which  appears  to  have  a  peculiar  spectral  energy 
distribution.  In  this  case  the  galvanometer  deflections  were 
small  and  the  galvanometer  sensitivity  was  changing.  Hence, 
some  of  the  disagreement  is,  no  doubt,  owing  to  errors  of  observa- 
tion. Similarly,  /3  Geminorum,  a  Andromedae  and  0  Pegasi 
appear  to  have  a  complex  spectral  energy  distribution.  In 
P  Pegasi  the  ultra-violet  component  seems  large.  The  other 
components  indicate  a  spectral  energy  distribution  similar  to 
that  of  a  black  body  at  3000  to  3300"  K, 

In  numerous  cases  the  agreement  between  the  observed  and  the 
calculated  values  was  found  to  be  very  close;  as,  for  example, 
in  the  a-stars  of  Lyra,  Cygnus,  Aquila,  Canis  Minor,  Taurus, 
Orion,  and  Scorpio.  In  the  latter  the  spectral  components  of 
wave  lengths  4.i;i  to  lo^i  is  small,  but  this  may  be  owing  to 
absorption  by  the  large  air  mass  (see  Table  6A.) 

In  the  case  of  binary  stars  having  large  companions  of  low 
luminosity — as,  for  example,  a  Canis  Majoris  and  (3  Orionis  (see 
Table  5) — the  agreement  between  the  observed  and  the  calculated 
spectral  components  is  not  very  close.  The  short  wave  length 
components  are  similar  to  those  of  a  radiator  at  8000  to  10  000°  K, 
whereas  the  infra-red  components  are  in  agreement  with  those  of  a 
radiator  at  4000°  K.  This,  however,  does  not  cast  doubt  upon  the 
method,  but  substantiates  the  conclusions  drawn  from  the  trans- 
mission observations,  made  with  only  the  water  cell,  which  show 
that  there  is  an  excess  of  infra-red  radiation  in  binary  stars  having 
companions  of  low  luminosity.  This  is  similar  to  the  radiation 
from  a  gas  flame — for  example,  an  acetylene  flame  in  which  the 
incandescent  carbon  particles  have  their  maximum  emission  in 
the  short  wave  lengths — whereas  the  products  of  combustion, 
CO,  and  water  vapor,  have  their  maximum  emission  {CO,  at 
4.4^)  in  the  infra-red. 


Digitized  byGoOgle 


CMmu]  Stellar  Radiometry  743 

2.  THE  WATER  CELL  TRAHSHISSIOn  DATA 

The  measurement  of  the  stellar  radiation  transmitted  by  the 
water  cell  is  a  quick  and  an  efficient  means  of  determining  the 
infra-red  radiation  from  stars.  The  observed  transmissions  for 
the  bhie,  B  and  A  class  stars  (which  have  no  dark  companion 
stars),  are  as  high  as  82  per  cent,  and  if  a  correction  had  been 
made  for  absorption  by  the  silvered  mirrors  the  transmission 
would  be  still  higher.  Since  the  maximum  observable  transmis- 
sion through  the  water  cell  can  be  only  about  91  per  cent,  and 
since  the  water  cell  absorbs  but  little  radiation  of  wave  lengths 
less  than  0.9^,  it  appears  from  this  h^  transmission  that  in  bhie 
stars  tiiere  is  but  Uttle  infra-red  radiation  of  wave  lengths  greater 
than  i^.  .Assuming  that  the  energy  distributikm  is  similar  to  that 
of  a  black  body,  the  transmission  data  indicate  that  the  maximum 
emissioa  must  lie  in  the  ultra-violet.  From  this  it  appears  that 
much  information  on  the  spectral  energy  distribution  of  blue  stars 
can  be  obtained  by  means  of  the  photographic  plate. 

In  Table  7  the  water  cell  transmissions  are  arranged  in  the  wder 
of  the  spectral  class  of  the  star.-  These  data  confirm  previous 
measurements  showing  that  the  red  stars  are  losing  heat  by  radia- 
tion much  faster  than  blue  stars  of  the  same  visual  m^;nitude. 
In  this  same  table  data  are  given  on  the  absolute  magnitudes  and 
the  luminosities  "  of  some  of  the  stars.  As  is  to  be  expected, 
these  data  do  not  contribute  much  to  the  present  problem. 
TABLE  7.~TniumlHi<Ri  of  Stellu  Radlittra  nuough  1  cm  Layv  of  Watei 
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3.  THE  QUARTZ  CBIX  TRAHSHISSIOIT  DATA 

The  transmissioii  measurements  made  with  the  quartz  cell  cor- 
rected for  reflectjon  indicate  a  small  amount  of  infra-red  radiation 
of  wave  lengths  greater  than  4^1.  In  the  case  of  blue  stars  this 
amounts  to  only  3  to  5  per  cent.  In  some  cases  the  observed 
radiation  is  greater  than  the  computed,  as,  for  example,  in  a  Lyrae. 
This  is  partly  owing  to  errors  of  observation  and  also  because  the 
correctioo  of  9  per  cent  for  reflection  and  scattering  is  too  low. 
The  correction  for  reflection  of  a  screen  which  is  slightly  dusty  is 
10  to  1 1  per  cent. 

In  the  case  of  red  stars  some  measurements  indicate  the  pre- 
ence  of  infra-red  radiations,  of  wave  lengths  greater  than  4^,  to 
the  extent  of  10  per  cent  or  more  of  the  total.  In  some  cases  the 
data  seem  inconsistent  (for  example,  Antares  and  Aldebaran), 
but  this  is  probably  owing  to  the  large  air  mass,  and  hence  the 
large  absorption  of  infra-red  rays.  On  the  other  hand,  in  some  of 
tlie  blue  stars  the  low  emissivity  at  4n  to  lOfi  is  probably  owing  to 
selective  emission. 

The  data  on  P  Orionis  (Table  5)  confirm  the  water-cell  trans- 
mission measurements,  showing  a  large  percentt^  of  infra-red 
radiation  from  binary  stars.  Since  only  a  small  proportion  of  the 
total  radiation  from  stars  is  of  wave  lengths  greater  than  4.5^,  it 
appears  that  radiometers  with  thin  quartz  windows  can  be  used  in 
stellar  radiometry. 

4.  BraART  STARS 

In  Table  7  the  stars  marked  thus  (♦)  are  binaries  with  com- 
panions of  low  luminosity  and  so  close  to  the  primary  star  that 
they  could  not  be  measured  separately.  In  all  cases  the  water- 
cell  transmissions  are  low,  showing  the  large  amount  of  infra-red 
radiation  contributed  by  the  dark  companion  in  comparison 
with  the  total  radiation  incident  upon  the  thermocouple.  This 
is  especially  conspicuous  in  the  case  of  Sirius.  In  this  connectimt 
the  following  excerpts  from  Aitken  "  are  appropriate  (italics  in- 
serted by  the  writer) : 

The  m^nitudetrf  Sirius  on  tlw  Harvard  scale  is  —1.58.  Bstimatcaof  thebri^tneas 
of  the  compankm  vaiy,  bnt  it  ie  probably  not  far  fnsn  8. 5  on  the  same  scale,  ■  difler- 
ence  of  10.  i  magnitude.  Accepting  tbeae  figures,  Siriut  radiaUi  mor*  Maw  //  sxm 
timti  at  nuek  light  as  its  eompanion;  and,  if  the  parallax  a.376''  is  correct,  fully  30 
times  as  much  as  our  Sun.  Yet,  according  to  the  best  maas  determinationa,  the  br^t 
star  is  only  9.56,  the  companion  0.74  times  as  massive  as  the  Sun;  and  Adams  finds 
that  the  smaller  star,  which  to  the  eye  seems  decidedly  the  yellower,  has  the  same 
spectrum  (class  A)  as  the  bright  star.  These  are  facts,  as  Campbell  says,  "we  are 
powerless  to  explain  at  present," 

V  Aitkn,  Tfae  biiurv  it&n,  p.  an^;  igiS. 
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From  Table  7  it  may  be  noticed  that  although  the  visible  radia- 
tion from  the  companion  is  less  than  rr.iaoth  that  of  Sinus,  the 
infra-red  radiation  is  sufficient  to  reduce  the  transmission  of  a 
class  A  star  from  80  to  65  per  cent.  In  other  words,  the  infra-red 
radiation  from  the  compaDton  star  is  much  (3  to  3  times)  greater 
than  that  of  Srius. 

The  metiiod  of  analysis  by  means  of  the  water  cell  may  be 
useful  in  obtaining  information  concerning  doubtftil  cases  of 
spectroscopic  binaries.  For  example,  Campbell  >*  Usts  a  Persei 
(class  F5)  as  having  a  suspected  variation  tn  radial  velocity 
caused  by  a  companion  star.  The  water-cell  transmission  is  high 
(74  per  cent)  and  of  the  order  to  be  expected  for  a  star  of  its  class. 
Hence,  we  may  ihfer  that  the  companion  star  is  of  the  same  or  a 
later  class  (for  example,  class  A),  or,  what  is  more  likely,  that 
there  is  no  companion  star. 

5.  STELLAR  TBH^UtATDRES 

The  radiation  emanating  from  the  photosphere  of  a  star  is 
complex.  In  some  cases — as,  for  example,  y  Cassiopeiae  (class 
B  o  p) — recently  studied  by  Plaakett,*"  there  are  bright  emission 
lines  of  hydrogen  or  heUum  superposed  upon  a  continuous  spec- 
trum. It  is  therefore  difficult  to  determine  the  spectral  energy 
distribution  of  the  radiation  from  sudi  stars. 

From  laboratory  experience  it  is  known  that  in  the  spark  spectra 
(hypothetical  temperature  10  ooo^K)  of  metals  the  maximum 
emisssion  is  in  the  ultra-violet.*'  Similarly,  the  emission  spectrum 
of  an  arc  between  metal  electrodes  and  in  the  carbon  arc  (36oo°E) 
is  in  the  near  infra-red  -0.8  to  i;».  The  quartz-mercury  arc  has 
its  maximum  emission  at  0.365;!.  For  vacuum  tube  radiation, 
hydrogen  has  its  most  intense  emission  lines  in  the  visible  and 
ultra-violet;  nitrogen,"  in  the  region  of  i(x,  while  the  radiation 
from  incandescent  heUum  is  confined  almost  entirely  to  the  emis- 
sion line  at  i.oSju."*  The  radiation  from  highly  attenuated  mate- 
rial at  a  high  temperature  (for  example  the  incandescent  particles 
of  carbon  in  an  acetylene  flame)  is  the  most  satin^ated  for  the  short 
wave  lengths."  Even  for  incandescent  solids  in  the  form  of  rods^' 
(Nemst  glowers)  it  was  found  that  saturation  of  radiation  seems 

"LldiOtM,  BuORfai,  6,  p.  it:  1910.    Ooo*.  Aitrooom.Nachtr.,  160.  p.  I7i  1909. 
"  Pkakrtt,  Uo.  Notioa.  Roy.  Ajtn.  Soc,  80,  p.  m ;  19K. 
■  PBQie.  Aon.  der  Pbyi.  U).  H^P-fco;  '9°4- 
BlavoUfftiooctlnlra-KilnMCtn,  Pnbl.  No.  jj,  C^mefklan.  ol  Wuh.,  igoj. 
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to  begin  in  the  short  wave  lengths.  Whether  in  stars  of  low  density 
but  of  infinite  thickness  of  the  radiating  layer  the  spectral  energy 
distribution  is  that  of  a  complete  radiator  or  so-called  black 
body  remains  to  be  determined.  In  the  case  of  stars  showing 
bright  spectral  lines  the  emission  is  evidently  highly  selective. 
In  the  case  of  incandescent  helium  the  infra-red  radiometric 
measurements  on  stars  might  show  a  peculiar  energy  distribution 
owing  to  the  strong  emission  line  at  1.08^.  From  these  as  well  as 
other  considerations  one  can  hardly  expect  to  obtain  exact  agree- 
ment between  the  calculated  and  the  observed  results. 

An  estimate  of  the  effective  temperature  of  a  star  was  obtained 
by  two  methods.  The  first  method  consisted  in  making  all  correc- 
tions to  the  observations,  excepting  those  for  atmospheric  absorp- 
tion, and  comparing  them  with  the  calculated  values,  using  a.  solar 
type  star  (a  Aurigae,  class  Go)  as  a  standard.  Hiis  seems  per- 
■missible  in  view  of  the  fact  that  the  observed  temperature  (6000 °K) 
of  a  Aurigae  was  found  to  be  in  close  agreement  with  that  assigned 
to  the  sun.  The  stellar  temperatures  estimated  in  this  manner 
are  given  in  column  4  of  Table  8. 

The  second  method  consisted  in  applying  all  corrections  to  the 
observations,  including  the  one  for  atmospheric  absorption,  and 
comparing  the  results  with  the  calculated  values.  Applying  fac- 
tors for  atmospheric  absorption  introduces  great  irregularities  in 
the  observed  spectral  radiation  components.  This,  no  doubt,  is 
owing  partly  to  selective  emission  of  the  star  and  partly  to  the  use 
of  improper  transmission  factors,  which,  because  of  lack  of  time, 
could  not  be  determined  directly. 

The  temperature  of  a  star,  as  estimated  from  the  spectral  energy 
components  outside  of  the  atmosphere,  extends  over  a  wide  range, 
the  average  value  of  which  is  in  good  agreement  with  that  obtained 
by  the  first  method.  (See  column  3  of  Table  8.  For  each  star,  the 
maximum  temperattu-e  is  obtained  from  the  shortest  component 
radiation.) 

In  the  B  and  A  class  stars  the  effective  temperatures  are  no 
doubt  somewhat  higher  than  herewith  recorded  because  of  lack  of 
proper  corrections  for  atmospheric  absorption. 

In  the  case  of  the  Sim  an  estimate  of  the  effective  temperature 
of  the  photosphere  has  been  arrived  at  by  various  methods.  The 
estimated  temperature  varies  from  5740°  K,  for  the  total  radiation, 
to  6140°  K,  for  the  spectral  radiation  method.'*    Unfcartunately, 

>•  See  ncakuktioo)  by  Cobleau.  J.  Op.  3«.  Am.,  t.  p.  171;  ivii. 
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the  writer  was  not  equipped  to  test  the  present  apparatus  on  the 
Sun  at  the  station  used  for  measurii^  stellar  radiation.  However, 
the  temperatures  of  the  solar  type  stars  (class  G)  are  in  good 
t^reement  with  that  of  the  Sun.  For  example,  the  observed 
temperature  of  a  Aurigae  is  between  5500°  K  (see  Table  8)  and 
6000°  K.  By  makang  proper  corrections  for  atmospheric  absorp- 
tion the  effective  temperature  of  the  stellar  photosphere  as  ob- 
served outside  the  earth's  atmosphere  would  be  several  hundred 
degrees  higher.     Hence,  a  conservative  estimate  is  6000°  K. 

TABLE  8. — Stelltc  Temperatures 
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Abbot  and  Fowie,  Joiu.  Opt.  Soc.  Am.,  t.  p.  iti;  i«ii. 

In  Table  8  are  assembled  various  determinations  of  the  effective 
stellar  temperatures  by  Nordmann,"  and  by  Nordmann  and  Le 
Morvan  ;••  also  determinations  by  Wilsing,  Scheiner,  and  MOnch,** 
and  calculated  values  by  Saha"  on  the  basis  of  ionization  theory. 

The  various  metiiods  used  to  obtain  stellar  temperatures  give 
diff^'ent  resiUts.  For  example,  Plaskett  (see  footnote  20)  ob- 
tained an  effective  temperature  of  6&oo°  K  for  y  Cassiopeiae  (class 
Bop)  by  considering  the  continuous  spectrum,  and  10  600°  K  by 
considering  the  bright  line  spectrum  of  hydrogen  and  Bohr's 
Iheory  of  the  energy  and  frequency  required  to  ionize  the  hydrogen 
atom.     In  view  of  the  fact  that  his  continuous  spectrum  measure- 

"  Nordnunn.  C.  R..  in.  a.  lojtl  igsg. 

■  NotdmaoB  and  Ijc  Uimn,  C.  S.,  lit.  p.  ti;  tvii. 

*  Wiluni.  Scheiner,  and  UQncb.  Pub].  Aitroiihrs.  Obi..  Potsdun.  14.  No.  741  tsio. 

*  Siha.  Proc.  Roy.  Soc.  Lcudon  (A),  M.  p.  m;  igii. 
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ments  terminated  at  0.42^,  where  also  is  tbe  majcicium  spectral 
energy,  it  is  possible  that  the  higher  temperature,  estimated  on 
the  basb  of  ionization  theory,  is  the  more  nearly  ctarect. 

Wilsing,  Scheiner,  and  Mflnch**  abo  obtained  a  temperature 
of  6800°  K  for  7  Cassiopeiae.  Their  temperature  measurements 
for  various  stars  of  class  B  vary  from  7000  to  15  000°  K;  class  A, 
vary  from  8000  to  12  000°  K;  class  F,  vary  from  5000  to  7000° 
K;  class  G,  from  4000  to  5000°  K;  and  class  M,  3000  to  3500°  K. 

While  it  is  to  be  expected  that  the  various  methods  used  must 
give  different  results,  it  is  extremely  interesting  to  find  a  rather 
close  agreement  in  the  estimated  temperature  as  shown  in  Table  8. 
The  agreement  is  especially  close  for  stars  of  classes  G,  K,  and  M; 
that  is,  stars  having  a  low  temperature. 

In  conclusion,  it  may  be  added  that,  owing  to  the  nature  of  the 
spectral  energy  distribution  of  stars  at  low  tempn^tures  as  a 
result  of  atmospheric  absorption,  the  observed  maximum  emission 
is  no  doubt  shifted  farther  toward  the  short  wave  lengths  than 
is  the  true  maximum.  Hence,  the  temperatures  may  be  several 
hundred  degrees  lower  than  here  recorded.  Similsirly,  for  the  B 
and  A  classes  of  stars,  which  have  their  maximum  emission  in  the 
ultra-violet,  the  temperatures  may  be  considerably  higher  than 
here  recorded  owing  to  atmospheric  absorption,  which  shifts  the 
observed  (ultra-violet)  maximum  emission  farther  toward  the 
visible  spectrum  than  is  the  true  maximum,  but  which  has  Uttle 
effect,  relatively,  on  the  infra-red  spectral  radiation  componrat. 

Most  of  the  stars  measured  are  no  doubt  giants,  of  which  Rus- 
sell" says:  "The  mean  densities  of  the  giant  stars  diminish  rap- 
dly  with  increasing  redness,  from  one-tenth  that  of  the  Sun  for 
class  A  to  less  than  one  twenty-thousandth  that  of  the  sun  for 
class  M."  To  those  given  to  speculation  concerning  the  nature  of 
stellar  radiation  and  temperatures  it  no  doubt  is  of  interest  to 
find  that  the  observed  radiometric  data  seem  conclusive  in  show- 
ing that  the  early  type  (class  M)  stars  are  losing  heat  by  radiation 
three  to  four  times  as  fast  as  the  more  dense  but  hotter  late  type 
(class  B,  A)  stars.  The  least  dense,  class  M,  stars  must  therefore 
be  losing  heat  by  radiation,  in  which  conducticm  can  not  contrib- 
ute very  materially  in  maintaining  the  surface  at  a  given  temper- 
ature. This  is  an  interesting  subject  which  should  be  given 
further  attention. 

In  the  dense  stars  the  shape  of  the  spectral  energy  curve,  and 
hence  our  inferences  of  the  effective  temperature,  is  determined  by 


"  RuHcU.  Pofi.  Aitrgn.,  H,  No*,  j  ud  6; 
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the  spectral  emissivity  of  the  surface,  while  in  the  less  dense  stars 
the  radiation  emanates  from  great  depths.  Hence,  as  a  matter  of 
caution,  it  seems  well  to  point  out  that  the  present  meager  data 
can  not  safely  be  used  in  considering  the  giant  and  the  dwarf 
stars  of  the  same  class. 

V.  SUMMAKT 

The  object  of  the  present  inyest^tion  was:  (i)  To  test  new 
stellar  thermocouples,  (2)  to  verify  previous  measurements  of 
stellar  radiation,  (3)  to  measure  the  radiation  intensities  of  bright 
stars  in  the  region  of  o  hrs.  to  12  hrs.,  of  right  ascension,  not 
previously  measured,  and  (4)  to  determine  the  feasibility  of  the 
method  of  obtaining  the  spectral  energy  distribution  of  stars  by 
means  of  transmission  screens  which,  either  singly  or  in  combina- 
tion, are  placed  in  front  of  the  vacuum  thermocouple. 

By  means  of  vacuum  thermocouples  measurements  were  made 
on  the  total  radiation  intensities  of  13  bright  stars  not  observed 
in  1914,  thus  completing  the  survey  of  the  whole  sky.  A  total 
of  30  celestial  objects  were  measured,  including  Venus  and  Mars. 

By  means  of  a  series  of  transmission  screens  (of  yellow  and  red 
glass,  of  water,  and  of  a  thick  plate  of  quartz)  wide  spectral 
regions  were  isolated  and  the  radiation  intensities  in  the  spectnmi 
from  0.3^  to  0.43P,  0.43/x  to  o.6iu,  0.6^  to  1.4^,  1.4/1  to  4.1^,  and 
4.IU  to  ion  were  determined.  In  this  manner  the  distribution  of 
energy  in  the  spectra  of  16  stars  was  determined,  thus  obtaining 
for  the  first  time  an  insight  into  the  radiation  intensities  in  the 
complete  spectrum  of  a  star. 

By  means  of  these  transmission  screens  it  was  found  that  in  the 
B  and  A  class  stars,  the  maximum  radiation  intensity  lies  in  the 
ultra-violet  (0.3^  to  0.4^),  while  in  the  cooler,  K  smd  M  class, 
stars  the  maximum  emission  lies  at  0.7^1  to  0.9/1  in  the  infra-red. 
In  the  case  of  single  stars,  at  all  temperatures,  the  spectral  energy 
distribution  is  selective  as  compared  with  a  black  body. 

A  calculation  is  made  of  the  spectral  component  radiations  of  a 
black  body  at  various  temperatures,  using  the  spectral  transmis- 
sion data  on  these  screens.  From  a  comparison  of  the  observed 
and  the  calculated  spectral  radiation  components  it  appears  that 
the  black  body  temperature  (that  is,  the  temperature  which  a 
black  body  would  have  to  attain  in  order  to  emit  a  similar  relative 
spectral  energy  distribution)  varies  from  3000"  C  for  red,  class  M, 
through  6000°  K  for  the  yellow,  solar-type  stars,  to  10  000*  K  or 
perhaps  even  higher  for  blue,  class  B,  stars.    Owing  to  selective 
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emission  the  true  temperatures  are  higher  than  these  values  for 
black  body  radiatitm. 

The  observing  station  being  much  higher  than  previously 
used  (7300  ft.  as  compared  with  4000  ft.)>  the  atmospheric  scat- 
tering of  light  was  greatly  reduced,  and  consequently  the  trans- 
missions in  the  violet  are  somewhat  higher  than  previously  ob- 
served when  the  water  cell  was  interposed.  However,  all  the 
data  verify  previous  measuremei^ts,  showing  that  red  stars  emit 
three  to  four  times  as  much  total  radiation  as  blue  stars  of  the 
same  visual  magnitude.  Moreover,  observations  made  on  the 
same  night  (same  weather  conditions)  are  consistent  in  showing 
small  gradations  in  the  infra-red  radiation  component,  corre- 
sponding with  the  small  gradations  (say,  B2  and  B8)  in  spectral 
classes. 

For  binary  stars  having  companions  of  low  luminosity  the 
water-cell  transmissions  are  low,  indicating  that  the  companion 
stars  emit  considerable  infra-red  radiation. 

The  measurements  made  with  the  water  cell  show  that,  in  blue 
and  yellow  stars,  practically  all  the  energy  lies  in  that  part  of  the 
spectrum  to  which  the  photographic  plate  is  sensitive.  Hence, 
since  the  efiect  on  the  photographic  plate  is  cumulative,  and  the 
time  for  exposure  is  relatively  unlimited,  the  spectral  energy  dis- 
tribution of  many  faint  stars  can  be  mapped,  which  will  not  be 
possible  by  any  other  methods  known  to  us  at  the  present  day. 

Among  the  subsidiary  investigations  made  with  a  view  to  the 
improvement  of  stellar  radiometers  this  paper  gives  data  on  the 
radiation  sensitivity  of  thermocouples  of  alloys  of  gold-palladium, 
platinum-rhodium,  bismuth-tin,  bismuth-antimony,  and  also  of 
pure  bismuth. 

Washington,  December  16,  1921. 
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